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A B S T R A C T
Radio technology has been used as a tool to gain insights into ani-
mal behaviour since the 1960s when it was first used to monitor an-
imal locations using animal-mounted transmitters. Since then, ongo-
ing miniaturisation accompanied by cost reduction has enabled new
applications in this area, e.g. detecting large numbers of individu-
ally tagged insects in a few selected locations using RFID technology
or tracking the location of a small number of tagged insects (typi-
cally less than 10) over distances of more than 100m using harmonic
radar. It is however still impossible to track a large number of indi-
vidually tagged small animals over distances exceeding a few cm. Yet
exactly this combination would be required to gain more insight into
the behaviour of honey bees (Apis mellifera), which are crucial for hu-
man food production but whose populations have declined steeply
in many areas of the world.
Presented in two parts, this thesis investigates different aspects of us-
ing asymmetric digital radio technology for automatically monitoring
a large number of individually tagged small social animals such as
honey bees (Apis mellifera).
The first part focuses on the prospects and challenges of using UHF
RFID as a cost effective automatic monitoring technology.
The second part addresses the limitations in detection range inherent
to UHF RFID as demonstrated in the first part. It presents a roadmap
to developing a new class of digitally modulating passive radio tags
combining ideas from harmonic radar and RFID, which allows to
suppress unwanted reflections of the interrogation signal from the
environment (also called ‘clutter’), aiming to increase tag detection
range.
Below, I describe both parts in more detail.
In the first part, as part of the research a very affordable first
prototype monitoring system based on a compact off-the-shelf USB
RFID reader module equipped with a single internal antenna was
developed and built. Field trials testing this prototype on honey bees
showed that this system is able to capture RFID tag detection data
which allows to detect temporal variations in hive activity levels. This
1
2data also provides some information about tag recapture and tag
reading longevity rates. However, it quickly became apparent that
the data quality achievable by this system was limited. For example,
with just a single antenna the system could not detect whether the
tagged bees were entering or leaving the hive.
This problem was addressed by another field trial using two of
these RFID reader modules in tandem connected to a single control
computer, operating alternatingly. Analysis of this data revealed
that the reader modules only achieved low detection rates. Unfor-
tunately, both trials frequently suffered from system failures due to
overheating and some unknown technical issues, further reducing
data quality.
To better understand the low detection rates observed in the field ex-
periments, a lab-based robotic measurement system to scan the spa-
tial structure of the detectability range of our tags in the near field of
a reader antenna was developed. Measurements performed with this
system revealed that the detection range of the RFID reader modules
in combination with our tags was limited to less than 10mm.
These insights lead to the development of an improved detection sys-
tem based on a more capable industrial RFID reader module support-
ing up to 4 antennas which addresses the needs of CSIRO’s Global
Initiative for Honeybee Health.
Based on detection range measurements and electromagnetic simula-
tions, an optimized arrangement of four commercially available RFID
antennas was devised. Consisting of two opposing pairs of compact
ceramic patch antennas, this arrangement lead to dramatically im-
proved detection rates which were confirmed in further field trials
using this new system in the course of an honours thesis within our
group.
The second part addresses the tight detection range limits inherent to
UHF RFID while maintaining the ability to distinguish a large num-
ber of individual tag IDs by developing ideas for a new concept for
passive transponders combining concepts from RFID technology and
harmonic radar. As a first step towards this new development, a com-
pact dual band parasitic dipole antenna was developed using electro-
magnetic simulations, manufactured as a prototype and tested in the
laboratory.
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vironmental properties which are small enough to be deployed on
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(Brazil), CSIRO’s Wireless Laboratories (Sydney, Australia), and other
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bees.
Work done in the context of this overarching research project ad-
dresses theoretical (framework development) and practical aspects
(ranging from sensing and data acquisition system design to data
processing, visualisation and analysis).
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• Development of a theoretical framework to describe environ-
mental phenomena using entropy theory (Mahbub et al., 2017).
• Development of an energy harvesting device for exploiting
wing-beat induced vibrations in insects (Ong and De Souza
Junior, 2016).
• Development and energy optimisation of an RFID bee monitor-
ing system (de Souza et al., 2018; Marques dos Santos, 2016).
• Integrated data management of RFID based individual bee de-
tection and weather data (Arruda, 2016).
• Simulation and visualisation of honey bee flight paths and asso-
ciated simulated sensing results (Williams, 2016; Engelke, Hut-
son et al., 2016; Engelke, Marendy et al., 2016; Nguyen, Wang
et al., 2017; Nguyen, Ketchell et al., 2017).
• Improving understanding of bee behaviour based on RFID de-
tection data (Gama et al., 2017; Gomes et al., 2017).
• Mitigation of missed tag detections in an RFID bee monitoring
system (Susanto et al., 2018).
During the time of my PhD project, I have additionally contributed
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antenna/transponder prototypes manufactured according to the de-
sign which I simulated and optimised (Chapter 6).
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Part I
D E V E L O P M E N T O F A C O S T E F F E C T I V E ,
E N E R G Y A U T O N O M O U S M O N I T O R I N G
S Y S T E M F O R R F I D TA G G E D I N S E C T S B A S E D
O N C O M M O D I T Y H A R D WA R E

1
I N T R O D U C T I O N
rfid technology
The term RFID (Radio Frequency Identification) refers to a whole
range of short-range radio frequency communication technologies
that typically employ simple, low-cost transponders (‘tags’) on one
side and more complex devices (‘readers’) on the other (Figure 1.1).
Tags can either be self-powered (‘active’) or purely rely on harvest-
ing energy from the interrogation signal sent by the reader (‘passive’)
(Finkenzeller, 2010). Since passive RFID tags do not require batteries,
they are not limited by battery life and thus can operate much longer
and are also cheaper to produce. This allows many more individuals
to be tagged and monitored at lower additional cost once the initial
costs for the RFID readers have been covered. Generally, only a small
amount of digital data is transmitted by a tag in response to an in-
quiry signal from the reader (most commonly unique ID numbers,
usually up to a few 1000 bits – although Thomas et al. (2013) were
able to demonstrate that it is possible to continuously stream data at
sustained data rates of up to 5 Mbps using passive RFID technology).
According to Landt (2005), RFID systems have been using frequencies
from 100kHz up to 10GHz. RFID tags capable of transmitting multi-
ple bits have been commercially available since the 1980s (ibid.).
Today, RFID is a mature technology and there are multiple standards
for RFID systems. The most frequently used systems operate in the
LF (low-frequency: 3kHz – 300kHz), HF (high frequency: 3MHz –
30MHz), and UHF (ultra-high frequency: 30MHz – 300MHz) fre-
quency bands (see Table 1.1, Finkenzeller (2010)).
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Figure 1.1: Schematic diagram of an RFID system using passive tags. Source:
Landt (2005). Copyright © 2005, IEEE
Table 1.1: Commonly used RFID systems (see Finkenzeller, 2010). Note: LF
Tags conforming to ISO 14223-1 are also known as ‘Passive Inte-
grated Transponders’, or PIT-tags.
Band
Frequency
Range Read Range Typical Use References
LF 125–
134kHz
a few cm Animal
Identifica-tion
ISO 14223-1
(2011)
HF 13.56MHz ≤ 1m Access Control,
Credit Cards
ISO 16593-2
(2006)
UHF 860–
960MHz
< 1 cm –
> 100m
Inventory
Tracking, Man-
ufacturing,
Medical
Tagging
ISO
18000-63
(2013)
RFID technology allows one to achieve low tag weights (less than
3mg, e.g. Figure 1.2) by passively powering the tag (which acts as a
transponder, since it receives as well as transmits signals) remotely
from an RFID reader, thus requiring no battery power (Kissling et al.,
2014). To this end, the RFID reader device emits an interrogation sig-
nal that is received by the tag’s antenna. This received signal is then
rectified and used to power the tag’s circuitry. The tag transmits in-
formation back to the reader (e.g. its unique identification number
(ID)) by modulating its reflectivity, e.g. through repeatedly shorting
the antenna terminals for brief periods of time. These variations in
the amount of scattered energy can be detected by the reader; accord-
ingly, this mode of communication is also called ‘backscatter commu-
nication’.
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Figure 1.2: Honey bee (Apis mellifera) with an RFID tag glued to the dorsal
thorax. Source: Streit et al. (2003)
RFID tags have been used for insect monitoring for more than a
decade (Streit et al., 2003). They are available for diverse frequency
bands, ranging from the low frequency band (LF: 30kHz – 300kHz)
up to microwaves in the 10GHz range. Achievable detection distances
for insect monitoring applications are usually below 1m, but for the
smallest tags they can even be around 1mm (Streit et al., 2003; Schnei-
der et al., 2012).
uhf rfid
UHF RFID in its current form is a mature technology – its operation
has been standardised by the International Organisation for Standard-
isation as ISO 18000-6C in 2006 (Dobkin, 2013). This standard was
revised and renamed to ISO 18000-63 in 2013 (International Organi-
zation for Standardization, 2013).
UHF RFID tags operate in the frequency range between 860MHz
and 960MHz (Nikitin, Rao and Lazar, 2007) – corresponding to wave-
lengths between 31 cm and 35 cm. In order to achieve the largest pos-
sible reading distance, an ideal half-wave dipole antenna would ac-
cordingly have to be around 13 cm to 14 cm long, and a rectangular
patch antenna would have to have a side length of similar size (Fin-
kenzeller, 2010). Passive UHF RFID tags equipped with such dipole
antennas can achieve reading distances of more than 100m if used
with a standard compliant RFID reader. Advanced antenna design
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techniques allow to reduce the size of the tag antennas down to a
few cm in length while maintaining long reading ranges (Marrocco,
2008).
The tag designs described above strive to maximize the reading dis-
tance and thus necessarily couple to the far field of the RFID reader
antenna (Nikitin and Rao, 2008). UHF RFID can however also be used
as a near-field technology (Nikitin, Rao and Lazar, 2007). In this case,
the antenna size can be further reduced down to a few mm, albeit at
the expense of reduced reading range (ibid.).
Any antenna whose dimensions fit into the radian sphere for a given
wavelength λ (a sphere of radius a = λ2pi ) is considered an electrically
small antenna at this wavelength (Wheeler, 1947; Hansen, 1981). For
UHF RFID (frequencies f between 865MHz and 926MHz in Australia
and/or Europe), the radius of a radian sphere is between
a =
λ
2pi
=
c0
2pi f
≈ 32–35 cm
2pi
≈ 5.2–5.5 cm
(where c0 denotes the speed of light in vacuum). Consequently, the an-
tennas of mm-sized UHF RFID tags are electrically small at these fre-
quencies. Therefore, they can only radiate or receive a small fraction
of the power of a half-wave dipole antenna (McLean, 1996; Nikitin,
Rao and Lazar, 2007; Shahpari, 2015).
A typical use for such small near-field UHF RFID tags is item-level
tagging for tracking goods in commercial settings, i.e. for tagging
expensive jewelery items or pharmaceuticals as an anti-counterfeiting
measure (Dobkin, 2013; Wamba et al., 2013). Such small near-field
UHF RFID tags have been available commercially for some time
(Nikitin, Rao and Lazar, 2007).
High market volume in combination with high maturity of the tech-
nology lead to low cost and good availability of UHF RFID readers
and tags.
The technology of both readers and tags has been continuously im-
proving in the past: readers have become more sensitive (according
to Occhiuzzi and Marrocco (2016) by roughly 3dB every 2 years) and
tag chips need less power to activate (Figure 1.3) and can thus op-
erate in weaker fields, resulting in increased reading ranges (Duroc
and Tedjini, 2018; Nikitin, Rao and Lam, 2012; Occhiuzzi and Mar-
rocco, 2016). Figure 1.3 suggests that this trend is likely to continue
for some time into the future.
Anti-collision algorithms being part of the protocol allow UHF RFID
to handle the presence of a large number of simultaneously readable
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Figure 1.3: Evolution of UHF RFID tag sensitivity (minimum operating
power using a dipole antenna) over time. Data source: Duroc
and Tedjini (2018).
tags, which is required to support item-level tagging scenarios us-
ing far-field tags with large maximum reading distance (Klair et al.,
2010).
UHF RFID can also work at higher communication speeds than LF or
HF RFID, allowing to read more tags within the same amount of time
and / or to read additional information that could be stored in the tag
memory (ibid.). Finally, many countries implement regulations that
allow UHF RFID to be used without requiring individual operating
licenses (GS1 AISBL, 2016).
Due to its versatility and cost effectiveness, RFID technology has also
been applied in other fields. For example, it has been of particular
interest to researchers monitoring animals ranging from birds in the
sky (Hou et al., 2015) to fish in the water (Zydlewski et al., 2006), and
animals as large as elephants to insects as small as wasps (Sumner
et al., 2007) and ants (Robinson et al., 2009).
Monitoring insects is of particular interest, because they play big eco-
logical roles – as pollinators, commercial crop pests, or as vectors for
diseases (between plants and animals, including humans). Of partic-
ular importance for global food production is the European honey-
bee (Apis mellifera) which has suffered from colony collapses in many
parts of the world for which the reasons have not been fully resolved
(Klein et al., 2017). Without increasing our knowledge of the move-
ment of bees, these collapses could become a global problem.
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In 2003, Streit et al. introduced the use of RFID tags to individually
mark bees (Streit et al., 2003). Since then, this method to mark insects
has been applied and refined in a number of studies. For example,
RFID has been used to monitor impacts of pesticides on individual
bee survival rates (Decourtye et al., 2011; Gill et al., 2012; Henry et al.,
2012), sub-lethal effects of insecticides (Schneider et al., 2012; Beren-
baum, 2016), the influence of colony nutritional status on role allo-
cation in bees (Molet et al., 2008; Tenczar et al., 2014), as well as the
large scale homing ability of honey bees (Pahl et al., 2011; Thompson
et al., 2016). Perry et al. (2015) used this method to investigate how
stress could play a role in colony collapse disorder of honey bees.
Due to the many advantages of RFID technology (simple, small, light-
weight, robust, long-lived, and cheap tags as well as globally available
mature technology), we chose near-field UHF RFID tags for our goal
to develop a cost-effective monitoring system that can be used glob-
ally.
This development project focused on keeping cost and power require-
ments of the system to a minimum, aiming to make it available at
a lower cost than less optimised systems currently available, for ex-
ample by building fixtures for holding the RFID readers using 3D
printing techniques and using recent cheap single board computers
like the Intel Edison as control computers.
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F I E L D T E S T S O F F I R S T S Y S T E M P R O T O T Y P E S
B A S E D O N C O M M O D I T Y H A R D WA R E ( S I N G L E &
D U A L R E A D E R )
2.1 introduction
In recent years, RFID tags and readers have become commodity hard-
ware items (Duroc and Tedjini, 2018). However, animal researchers
typically use rather expensive devices offered by well-known research
equipment companies (see for example Vinatier et al., 2010; Beyaert
et al., 2012; Moreau et al., 2011).
As a first step towards exploring the options of implementing a cost
effective, energy autonomous and robust system for tracking large
numbers of RFID tagged bees which can be deployed in the field, a
first, minimal prototype was built in our research group using off-the-
shelf hardware components. This prototype consisted of a single UHF
RFID reader module equipped with an internal antenna in the form
of a USB peripheral which is powered by the USB connection (i.e. it
does not need any additional power supply) and which is so small
and light weight that it would even be suitable for hand-held oper-
ation. This RFID reader was connected to a small single-board com-
puter running a custom written control program we implemented in
Python (Rossum, 1995) on a Linux operating system. This system was
tested in a first field trial.
After trialling this first prototype, we improved the monitoring sys-
tem by adding a second, identical RFID reader module. This second
prototype was also tested in the field.
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Figure 2.1: Bee with attached RFID tag (Hitachi IM-PK2525, dimensions:
2.5mm × 2.5mm × 0.4mm). Photo: CSIRO
2.2 materials and methods
2.2.1 Choice of RFID tag and reader
As an RFID tag suitable for tagging bees we selected the Hitachi ‘IM5-
PK2525 Ultra Small Package Tag’ (Figure 2.1), because it is one of the
smallest (2.5mm × 2.5mm × 0.4mm) and lightest (5.4mg) commer-
cially available tags, is available a low price (less than AUD 0.50 per
piece), and is mechanically and chemically robust thanks to its epoxy
composite body with gold plated embedded antenna (Hitachi Chemi-
cal Co., Ltd., 2012a,b). The tag contains an ImpinJ Monza 5 chip with
a die size of 465µm x 465µm and a spiral coil antenna combined
in one package. It conforms to the RFID standard ISO/IEC 18000-6
Type C EPCglobal Class1 Generation2 (International Organization for
Standardization, 2013). Some additional information about the inter-
nal structure of the tag is available in a related US patent held by
Hitachi (Endou et al., 2015).
The embedded spiral coil antenna of this tag measures less than
2.5mm along each side and thus exhibits limited efficiency at UHF
frequencies (Dobkin, 2013). It couples mainly to the magnetic field
of the reader and its operational mode is better characterised as an
inductor than an antenna (Dobkin, 2013; Cole et al., 2003; Lehpamer,
2012; Nikitin, Rao and Lazar, 2007). The data sheet for IM-PK2525
specifies a typical read range of 10mm for this tag (Hitachi Chemical
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Co., Ltd., 2012b). This type of tag therefore operates only in the near
field of a reader antenna.
Since tags any larger than this particular type would be unsuitable for
use in long-term monitoring of honey bees, the main challenge of our
project is to make the detection system work under the constraints
imposed by this particular type of antenna.
While it is possible to significantly increase the read range of this
tag by wirelessly coupling its antenna to a larger booster antenna,
this method effectively increases the size of the tag antenna to the
size of the booster antenna, making this approach unsuitable for our
intended use case (Pachler et al., 2013).
For the RFID readers, we decided to work with MTI RU-824 UHF
RFID USB desktop readers (Microelectronics Technology Inc., 2012)
because of their low cost (≈ USD 250.00), compact form factor, and
since they only need a USB connection, which makes them easy to
integrate with a single board control computer.
The control computer (Ledato Nanos G20, later also Intel Edison) was
running a custom written control program which we implemented in
Python version 2.7 on a Linux operating system.
2.2.2 Field test setup for first, single antenna prototype
In two locations, similar experiments with tagged bees were set up –
one in Geeveston, Tasmania (S 43°09’, W 146°55’), and another one at
Santa Bárbara do Pará in the Brazilian Amazon (S 1°14’, E 48°16’). The
Tasmanian experiment comprises four similar Langstroth bee hives
which each have been equipped with a modified entrance tunnel con-
taining an MTI RU-824 USB RFID reader module (see Figure 2.2). The
RFID readers were mounted to the entrances using custom designed
3D printed housings containing a height-restricted section forcing the
bees closer to the reader antenna while passing through (Figure 2.3).
The readers were connected via USB cables to small battery pow-
ered computers (Intel Edison) located in an electronics box placed
next to the hive (Figure 2.4). These boxes also contain rechargeable
batteries which are re-charged through solar panels located next to
them (Figures 2.2, 2.4). Two artificial feeder stations were positioned
at distances of 5m and 15m from the hives, each with their own
RFID reader and computer system. Each of the four hives was also
equipped with an automatic scale (BeeWatch Professional 2.0) that
tracked the hive weight as well as the temperature and humidity of
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Figure 2.2: Schematic diagram of the RFID reader set-up at each monitoring
station.
the brood chambers inside the hive. The site has also been equipped
with an automatic weather station (see Table 2.1) in order to mon-
itor temperature, humidity, atmospheric pressure, wind speed and
direction, precipitation as well as illumination. The weather station
as well as the automatic scales were equipped with internal GSM
radio modems to wirelessly transmit the recorded data into online
databases at CSIRO. The data from our RFID reader system was
downloaded manually via cable to a notebook computer (DELL Lati-
tude Rugged) on-site twice a week, as the weather allowed.
2.2 materials and methods 29
Figure 2.3: Housing used to attach the RFID modules to entrance tunnels
(3D CAD model after a custom design by CSIRO). Relevant di-
mensions are indicated in mm. A bar protruding from the ceiling
of the passageway, spanning the full width of the tunnel, forces
the bees to pass closer to the internal antenna of the reader. With
the height of the reader being 12mm (see Figure 2.6), the re-
maining maximum height of the passageway between the top
surface of the reader and this bar is 17mm. To increase weather
robustness, the design includes a protruding lid and stand-offs
and drainage holes in the bottom part. A protrusion on the front
side provides a landing pad. The rectangular cut-out on the side
is sealed around the USB cord of the reader once it is installed.
The 3D printed housing consists of two parts (top and bottom)
which separate right above the landing pad. The back side of
the housing is attached to the front face of the hive or feeding
station (see Figure 2.4). Bees enter or leave the hive by passing
though the reader housing front-to-back or vice-versa along the
indicated passageway (parallel to the dashed red line). Figure
2.6 shows an inside view of a wooden prototype of the reader
housing with a reader installed and the lid removed (right hand
side, mounted next to a second, slightly modified reader housing
containing a second reader).
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Figure 2.4: Two hives of the experimental field set-up near Geeveston, South-
Eastern Tasmania (Hives, Scales, Electronics boxes, and Solar
Panels). The reader housings containing the RFID readers (Fig-
ure 2.3) are mounted in front of the original entrance openings
at the bottom of the hives. Source: CSIRO
A complete list of components used in our field setup for these RFID
experiments is presented in Table 2.1.
Table 2.1: Components of RFID field experiment set-up.
Bee Hives Standard Langstroth Bee Hive
RFID Reader MTI RU-824 (based on Impinj Indy R1000 Chip)
RFID Tags Hitachi IM5-PK2525 (2.5mm × 2.5mm ×
0.4mm)
Control
Computer
Original version: Ledato NanosG20 (ARM
based CPU, 32 Bit, 396MHz) Newer version:
Intel Edison compute module (Dual-Core Intel
Atom Processor, 500MHz, 1GB RAM, 4GB
Flash) on Intel Edison Breakout Board
Solar Panels BP3125J, 17.4V, 125W
Solar Charger GSL Electronics, MPPT12-1
DC-DC
Converter
Mean Well SD-25A-5
Battery Panasonic LC-R1233 (12V, Deep Cycle)
Hive Scales BeeWatch Professional 2.0 (Biene & Natur
GmbH)
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Table 2.1: Components of RFID field experiment set-up.
Weather Station Data logger: CR800 (Campbell Scientific
Australia)
Installed Sensors:
• Air temperature, relative humidity: model
CS215
• Precipitation: High-end tipping bucket
rain gauge, model CS700
• Wind speed and direction: RM Young
sensor, model 03002
• Global solar radiation: Pyranometer
LI2000X
The described experiment set-up became operational in March 2014.
In order to establish a data baseline, the bee hives were characterised
in mid 2014. Since then, we tagged more than 5000 honey bees and
collected baseline data for use in subsequent experiments.
In August of 2015, CSIRO/Data61 officially launched the Global Ini-
tiative for Honey Bee Health (GIHH) to foster international collabora-
tion (CSIRO, 2015). Since then, a number of collaborative experiments
involving international researchers have been set up as a result, and
we have been working towards improving the experimental set-up.
These improvements have been achieved by outfitting the hive en-
trances with two or four antennas to improve the data quality by
lessening our reliance on heuristics to infer the direction (entering or
leaving the hive) of detected tagged bees, although the heuristics do
not become completely obsolete since missed readings can still occur
(Susanto et al., 2018).
We have also been working towards replacing the MTI RU-824 USB
RFID readers used in the first and second prototype system by a
custom built RFID reader to reduce the number of missed readings
through the use of a different antenna setup as well as by eliminating
the need for reader downtime because of thermal issues.
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2.3 results and discussion for first, single antenna
prototype
Field trials testing the first single-antenna prototype on honey bees
showed that this system is able to capture RFID tag detection data
which allows to detect temporal variations in hive activity levels (Fig-
ure 2.8, Susanto et al. (2018)).
This data also provided some information about tag recapture and tag
reading longevity rates. However, it quickly became apparent that the
data quality achievable by this system was limited.
One limitation of this first prototype system was that the RFID read-
ers were incapable of actively running 100% of the time because of
overheating issues causing the system to fail. To mitigate this issue
of overheating, the readers regularly had to be put into an inactive
state, in which they were unable to detect the presence of any RFID
tag. We empirically found that an interruption of 0.5 s every 2 s was
necessary to achieve stable operation. This operating mode obviously
caused missed readings in addition to those caused by other reasons
like interference or insufficient signal strength due to tag-reader dis-
tance or tag orientation.
Despite operating the readers at this reduced duty cycle, we still en-
countered occasional system crashes, prompting us to implement the
following measures to improve the robustness of the monitoring sys-
tem:
• To reduce system downtime due to unknown technical reasons,
we introduced watchdog timers which automatically restart
the system by temporarily cutting power when communication
with the reader modules stalls for longer than a configurable
limit.
• Power usage of the monitoring system was optimised using
fuzzy logic to determine optimal reader downtime settings for
different times of day according to bee activity levels (Marques
dos Santos, 2016).
A further limitation of the first prototype system was that with only
one single-antenna RFID detector at each monitoring location (hive
entrance and artificial feeder station), we were only able to sense the
presence and IDs of tagged bees at these particular locations, but it
was impossible to determine in which direction they were moving
past the readers. If the system would reliably detect each passage of
a tagged bee through the entrance tunnel, we could apply heuristics
2.4 analysing missed detections using a dual reader prototype 33
based on detection time stamps to infer whether the recorded events
are more likely to represent a bee leaving or entering the hive (or
feeder station) or whether a detected bee was just staying close to the
entrance area without actually entering or leaving.
Bazazi et al. (2016) resolved the issues related to missed readings by
visually analysing simultaneously recorded video footage. Unfortu-
nately, this was infeasible in our case because of the large number
of bees and simultaneous continuous monitoring system operation
at multiple sites. Van Geystelen et al. (2016) used twin reader con-
figurations to minimise missed readings and also present a heuristic
algorithm to correct for them. To add the capability to sense the bees’
movement direction (into/out of the hive or feeder) to our system,
we added a second, identical reader module to the entrance tunnels
of the hives and feeding stations. This configuration was then tested
in a second field trial discussed in the next section.
2.4 analysing missed detections using a dual reader
prototype
To enable us to detect whether the bees were entering or leaving the
hive or feeding station, we built an improved second prototype of the
monitoring system similar to the first version described above, but
this time using two RFID reader modules in tandem. The additional
reader per system was connected to the existing control computer
and operated alternatingly in order to minimize mutual interference.
Like the first prototype, this system employed MTI RU-824 USB RFID
reader modules equipped with a single internal antenna. The readers
were placed inside the entrance tunnel of the bee hive such that bees
entering or leaving the hive had to pass both readers in sequence: the
inner reader closer to the hive and the outer reader closer to the exit
side of the entrance tunnel, spaced 8.5 cm apart (Figures 2.5, 2.6).
This second prototype was tested in a field trial at Santa Bárbara do
Pará, Brazil, between May and August 2015, in collaboration with
Vale Institute of Technology. In this trial, we collected detection data
on an africanised strain of Apis mellifera tagged with Hitachi IM-
PK2525 RFID tags.
For each detection event, we recorded its timestamp, the ID of the
detected tag (a unique 96 bit value which had previously been writ-
ten to each deployed tag’s EPC memory), and the hardware ID (serial
number) of the detecting RFID reader module (see Table 2.2 for an
example). We recorded the timestamps with a resolution of 1 s, since
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Figure 2.5: Bee hive at Brazilian field site equipped with prolonged entrance
tunnel housing two RFID readers. Photo: CSIRO/Instituto Tec-
nológico Vale (ITV)
Figure 2.6: Hive entrance tunnel outfitted with two MTI RU-824 RFID read-
ers to detect whether bees enter or leave the hive. The outer di-
mensions of the reader modules are 80mm × 57mm × 12mm.
Annotations show the readers’ serial numbers useful to identify
reader position in the recorded data. Source: CSIRO/ITV
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Table 2.2: Structure of RFID tag detection data.
filename ReaderID Timestamp TagID Reader
20150702_TESTING.csv 1446U2003 2015-07-02 04:07:10 1D0010100100104300001404 inner
20150702_TESTING.csv 1446U2003 2015-07-02 04:07:12 1D0010100100104300001404 inner
20150702_TESTING.csv 1446U2003 2015-07-02 04:07:20 1D0010100100104300001404 inner
20150702_TESTING.csv 1446U2003 2015-07-02 05:46:12 1D0010100100104300001404 inner
20150702_TESTING.csv 1446U2003 2015-07-02 06:08:04 1D0010100100104300001404 inner
20150702_TESTING.csv 1446U2003 2015-07-02 07:10:01 1D0010100100104300001410 inner
Table 2.3: The tagging log, listing tagging dates and used tag number ranges.
Due to system failures, the first batch (2015-05-22) had to be ex-
cluded from the analysis.
Date TimeIn TimeOut ID_num_low ID_num_high
2015-05-22 2015-05-22 10:54:00 2015-05-22 12:24:00 1321 1370
2015-06-25 2015-06-25 09:49:00 2015-06-25 11:11:00 1371 1420
2015-07-16 2015-07-16 09:19:00 2015-07-16 10:58:00 1421 1520
personal observations confirmed that this time resolution was suffi-
cient to reliably detect the presence of bees close to the RFID reader
when they were entering or leaving the hive. In an effort to conserve
storage space, we only recorded each unique tag ID once per times-
tamp, although we typically observed multiple detections per second
whenever a tag was detected at all.
We also kept a tagging log, recording tagging dates along with tag
number ranges used on that day (Table 2.3).
2.4.1 Results and Discussion of the dual reader field trial
Analysis of the data captured during the second field trial revealed
that the reader modules we used only achieved low detection rates
and therefore did not allow us to reliably detect whether a bee en-
tered or left the hive. However, the distribution of inter-detection in-
tervals for the same tag allowed us to estimate an upper bound on
the rate of successful detections.
The second trial also suffered from system failures caused by over-
heating as well as unknown technical problems, sometimes failing
for multiple days at a time.
Detailed results of this second trial will be given below.
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Figure 2.7: Overview of the RFID detection results from the dual reader field
trial, showing when each individual bee’s RFID tag was detected
by inner or outer RFID reader. Individual dots appear translu-
cent to mitigate overplotting and allow to get a rough sense of
detection event density. The vertical black lines indicate logged
system re-boot events. Note that a long lasting system failure
right after deploying the first batch of tags together with another
one about two weeks later lead to a loss of a significant of data
for that batch so that it was excluded from further analysis. The
tag IDs are ordered according to the time of their last detection
event, resulting in a visual indication of tag longevity.
In total, 8610 detection events from 77 different tags were recorded
during the course of this trial.
Because of a system failure, data from the first of three tagging
batches had to be excluded from further analysis (Figure 2.7, Table
2.3). We also excluded data from the tagging days to minimize the
effect caused by the disturbance. Data from two days on which
the system had rebooted itself for unknown reasons (likely due to
power failures) was also discarded. This left us with 4540 detection
events from 42 tags used in the further analysis. The total number
of deployed tags during the second and third batch was 148. This
corresponds to a recapture rate of 28.4%.
Figure 2.8 shows the diurnal distribution of all recorded detection
events of this trial for each reader. Both readers clearly show a broad
activity maximum during the day and reduced activity levels during
the night.
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Figure 2.8: Total number of analysed accumulated detection events per hour
of the day for each of the two RFID readers (inner, outer), showing
a broad activity maximum during the light hours of the day.
Exploratory data analysis revealed a pattern in the distribution of
inter-detection intervals which could be used to heuristically esti-
mate the ratio of missed to successful detections. Figure 2.9 shows
histograms of the inter-detection intervals between successive detec-
tions of the same tag, pooled over all tags, conditioned by the reader
location of the previous and current detection event on a logarithmic
time scale.
All four of these distributions show a similar multimodal structure.
A relatively narrow peak at short time spans of up to 30 s which is
much higher in the graphs on the diagonal (implying that a detec-
tion by one reader was most often followed by another detection at
the same reader within up to 30 s) is followed by a very long tail
(note the logarithmic time axis), with at least one additional less well
pronounced peak, roughly spanning intervals from 2 minutes up to
4 hours between consecutive detections. There also appears to be a
much weaker peak corresponding to a delay of about 0.5 to 1 day,
implying that a few tags have only been detected once or twice a
day. Excluding data for one day on which a re-boot had occurred
will have caused a few spurious detections with a delay of more than
1 day, corresponding to the small bar at 105 s (Figure 2.9).
All four distributions also show a marked minimum at around 30 s,
suggesting that a particular bee is unlikely to be detected again by any
reader after a delay of about 30 s after it has been detected by one of
the readers; this pattern is particularly pronounced in the panels dis-
playing consecutive detections by different readers (corresponding to
in- or outbound transitions). It should be noted that this pattern has
been observed on in-hive tagged bees and therefore is independent
of the caste of the detected bees. If a bee is not detected again for
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Figure 2.9: Histograms of inter-detection intervals for pairs of successive de-
tections of the same tag, summed up for all tags. The panels cor-
respond to the combination of the detection locations for the two
detections of each pair (which can either be inner or outer, where
inner corresponds to the reader located closer to the hive). Thus,
the panels on the diagonal show subsequent detections which
both occurred at the same end of the entrance tunnel, while
the off-diagonal panels show inner/outer or outer/inner detection
pairs. Colour represents the classification of the detection events
into successfully detected inbound or outbound transitions, time-
outs suggesting missed intermediate events, and successive de-
tections by the same reader according to the heuristic described
in section 2.4.1. Note the logarithmic scale of the x axis.
a longer period than 30 s, we can assume that it has been away from
the entrance and could e.g. have been on a foraging trip or spent time
inside the hive.
This observation allowed us to use the following heuristic to estimate
the number of missed readings: we used 30 s (as suggested by Figure
2.9) as a cut-off point to decide whether a pair of successive detections
of the same tag by different readers (‘inner/outer’ or ‘outer/inner’)
was accepted as an actual in- or outbound transition of a bee and
therefore the bee’s location (inside or outside the hive) was consid-
ered known after the second detection event within this timespan. If
a bee whose location was assumed known was detected next by the
other reader (i.e. the outer reader if the bee was considered to be inside
the hive or vice versa) after more than 30 s had passed, we inferred
that we must have missed at least one detection event and classified
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the respective detection pair as a timed-out transition. The histograms
in Figure 2.9 are coloured according to this classification.
The empirically determined cut-off time of 30 s fits well with existing
literature: in their ‘Track-a-Forager’ program for automated analysis
of RFID tracking data, Van Geystelen et al. (2016) chose a default
cut-off time of 20 s, but recommend to change it according to the
separation of the RFID readers, and Tenczar et al. (2014) used a cut-
off time of 40 s in a dual RFID reader setup with a similar separation
(estimated from a figure), but connected by a narrow walkway.
Under these assumptions, we can estimate an upper bound on the
probability to register a transition of a bee as a pair of detections
at both readers given that we observed nsuccess = 513 successfuly
detected transitions and ntimeout = 900 timeouts (see Figure 2.9):
ptrip =
nsuccess
nsuccess + ntimeout
=
513
1413
= 0.363
The probability for a transition to be detected by both readers is:
pt = pi po
Assuming that both readers have identical detection probabilities, we
get:
pi = po =
√
pt = 0.603
Conversely, the probability to successfully detect all 4 events corre-
sponding to a single foraging trip (inner, outer, outer, inner), is:
ptrip = ptrip2 = 0.132
This rather low detection rate is also apparent in a plot of the inferred
state of detected bees (corresponding to the respective latest accepted
transition as described above) versus time (Figure 2.10). This graph in-
cludes all bees which were detected on at least 6 different days during
the study period. Although the expected number of daily foraging
trips per bee varies with factors such as weather, forage availability
and colony strength, it typically ranges between 5-15 trips per day
for foragers and up to 100 trips per day for water collectors (British
Columbia Ministry of Agriculture, 2015).
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Figure 2.10: Timelines for individual bees showing which detector had reg-
istered the last accepted transition (i.e. two detections by dif-
ferent readers within 30s). The lines span the time between the
first and last detected transition for the given individual bee
per day. Each panel corresponds to an individual bee with the
given (shortened) tag ID. Included are all bees which have each
been detected on at least 6 different days during the study pe-
riod. The rather low number of reconstructed daily foraging
trips hints at a low detection rate / a high number of missed
detections.
We also found that the ratio of missed readings between both readers
varied strongly between different individual bees. This is evident in
Figure 2.11, which depicts the balance of detected entering/leaving
events for individual bees over time. The fact that the ratio of detected
inward to outward movements also varies over time in a way that
depends on the individual bee suggests that this is not inherent to
the combination of tag and reader.
The limitations of the prototype systems based on the MIT RU-824
RFID readers as outlined above prompted the development of a more
capable monitoring system which has since been ongoing as a joint
venture between our research group at CSIRO and an external com-
pany (RFIT Pty Ltd).
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Figure 2.11: Cumulative sum of detected in-/outbound transitions per in-
dividual bee (counted as +1 for inbound and -1 for out-
bound). Identical probabilities of missing missing in- and out-
bound transitions would result in a cumulative sum fluctuating
around 0. The observed pattern evidently deviates from this ex-
pected balanced pattern, revealing substantial inter-individual
differences which could be caused by individual bees moving
through the entrance tunnel in different ways (e.g. at different
speeds or along different paths). Each panel corresponds to an
individual bee with the given (shortened) tag ID. Only bees
which have been detected on at least 6 days during the study
period are included. The blue lines represent a LOESS smooth-
ing interpolation (Cleveland and Devlin, 1988).
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L A B O R AT O RY- B A S E D A U T O M AT E D S Y S T E M F O R
D E T E C T I O N R A N G E M E A S U R E M E N T O F
N E A R - F I E L D U H F R F I D TA G S
3.1 introduction
In the previous chapter, we report on the development of a first af-
fordable prototype monitoring system based on one or two compact,
off-the-shelf USB RFID reader modules equipped with a single inter-
nal antenna. Field trials testing this prototype on honey bees showed
that it is able to capture RFID tag detection data which allows to
detect temporal variations in hive activity levels. The data also pro-
vided some information about tag recapture and tag longevity rates.
The dual reader prototype did not improve data quality sufficiently
to reliably detect bees entering or leaving the hive which would be
required to reconstruct the time line of a bee being inside or outside
of the hive or feeder. Both trials also frequently suffered from sys-
tem failures due to overheating and some unknown technical issues,
further reducing data quality.
To better understand the low detection rates observed in the field
experiments, we examined the spatial pattern of the detection prob-
ability and quality of our small RFID tags within the near field of
selected RFID reader antenna configurations using one or more RFID
tags as probes with which we scanned the volume of interest around
or between the antennas by iteratively positioning the probe on all
locations on a regular 3D grid covering that volume and recording
successful tag detections.
Besides biotic factors such as angle and speed of tagged bees, there
are a number of non-biotic factors which can influence the detection
success rate:
• tag sensitivity
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– minimum operating power of tag IC
– antenna efficiency
– individual variations
• reader sensitivity
– reader circuit
– reader type, i.e. monostatic vs. bistatic, which would be
better, but more expensive
• reader antenna configuration
– antenna field structure
– crosstalk / interference between antennas
• RFID protocol (Nikitin and Rao, 2009)
– timing parameters / reader modes
– number of tags (possible collisions)
• operating frequency (varies by country)
• dead time (resulting from reduced duty cycle to prevent over-
heating / or due to sequentially operated readers or antennas)
Using multiple approaches to analyse the detection performance of
our RFID systems, we addressed the following questions:
1) How does detection rate depend on the relative position of the
tag to the reader antenna?
2) How can we optimise an antenna arrangement to maximise the
detection rate?
The goal of this sub-project was to quantify the read success ratio
and its dependency on factors like reading distance, antenna configu-
ration, signal power and available options in the RFID protocol.
3.2 methods and materials
To examine how the detectability of our small IM-PK2525 RFID tag
varies with the position of the tag relative to the reader antenna
within its near field, a robotic system was developed which allows to
position a tag at different locations within the near field of an antenna
and to record detections reported by the RFID reader for each loca-
tion. This system was then used to scan the antenna near field of the
initial single-antenna setup employing the internal antenna of an MTI
RU-824 Desktop USB RFID reader. We also measured the near field
detection performance of three different commercially available UHF
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RFID antennas, one specialised near-field antenna and two different
circularly polarised ceramic patch antennas, which were connected
to either the RU-824 RFID reader or to a newer multiple-antenna ca-
pable RFID reader prototype based on the commercial MTI RU00-
M03X RFID module. The effect of interrogation signal power on tag
detection performance was investigated by taking measurements at
different power level settings. We finally measured the detectability
pattern of a configuration of four ceramic patch antennas connected
to the new RFID reader prototype.
Details pertaining to hardware and software of the developed mea-
surement system will be described below.
3.2.1 New RFID reader prototype
As mentioned in section 2.4.1, the new custom-developed RFID
reader system (Figures 3.1, 3.2) is based on a highly integrated
industrial UHF RFID reader module, the MTI RU00-M03-X (Micro-
electronics Technology Inc., 2016), which is identical to the Impinj
RS2000 module (Impinj, Inc., 2017b). The system also contains an
Intel Edison module (Intel Corporation, 2017) as an embedded
control computer along with a micro SD (Secure Digital) card slot
for data storage and a GPS receiver which can provide accurate
time and location, allowing the system to operate as an autonomous
stand-alone unit, simplifying field deployment.
The RU00-M03-X comprises a single monostatic RFID reader back-
end combined with a four port antenna circulator allowing to con-
nect up to four antennas which can be activated in a programmable
sequence. Built around the Impinj R2000 integrated circuit, it pro-
vides an interrogation signal power of up to 31.5dBm (1.41W), which
is 7.5dBm higher than the maximum specified output power of the
Impinj R1000 based RU-824 of 24dBm, or 0.25W (Microelectronics
Technology Inc., 2012). The sensitivity of the RU00-M03-X module is
specified at -74dBm at 1% error rate with an antenna return loss of
15dBm at 31.5dBm output power using the default link profile (Imp-
inj, Inc., 2017b).
3.2.2 Measurement system hardware
To find out how tag detection performance depends on the relative
position of the tag to the reader antenna, we developed and built
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Figure 3.1: Custom-developed multi-antenna capable RFID reader proto-
type system (18.5 cm × 10.5 cm × 5.5 cm) based on the MTI RU00-
M03-X commercial UHF RFID reader module, including periph-
erals. Numbered components: (1) power connector; (2) micro-
USB port; (3) Wi-Fi-antenna; (4) Global Navigation Satellite
System (GNSS) antenna; (5) RFID antenna connectors. Source:
CSIRO
a cost effective measurement system based on a consumer grade off-
the-shelf 3D printer (FlashForge Dreamer) serving as a 3D positioning
stage (Figure 3.3). The tags were detected using
a) the same RFID readers which had also been used in the field
experiments described above (MTI RU-824 RFID USB desktop
readers), and later also
b) internal engineering prototypes of a new integrated, multi-
antenna capable RFID reader system built around an a
MTI RU00-M03-X module which was being developed in
cooperation with an external company (RFIT Pty Ltd).
A laptop computer running Linux coordinated the automated mea-
surement process.
Two slightly different system setups were developed for each of the
two types of RFID reader we used: for measurements using the MTI
RU-824, the reader modules were directly connected to the control
computer via USB (see Figure 3.4). Since the RFID reader modules
of the improved Impinj RS2000 / MTI RU00-M03-X based prototypes
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Figure 3.2: PCB of custom-developed multi-antenna capable RFID reader
prototype system based on the MTI RU00-M03-X commercial
UHF RFID reader module. Labelled components: (1) Embedded
control computer module (Intel Edison); (2) MTI RU00-M03-X
UHF RFID reader module; (3) GNSS receiver IC; (4) Micro-SD
card connector; (5) external Micro-USB connector; (6) power con-
nector. Source: CSIRO
are not directly accessible from the outside, because they are con-
nected internally to the embedded Intel Edison control computer of
the reader system via serial connection (UART – Universal Asyn-
chronous Receiver Transmitter), the measurement system setup had
to be adapted for this case. In this latter case, a secure shell (SSH)
connection from the measurement system control computer to the
embedded controller of the RFID system (which also runs Linux) was
used to forward the embedded system’s UART connection back to the
control computer as a virtual device (Figure 3.5).
The measurement setup did not require any permanent modification
of the 3D printer. The RFID reader antenna (or the whole reader mod-
ule with its integrated internal antenna) was placed on the print bed
of the 3D printer which can move up and down (i.e. in the ‘Z’ di-
rection). To minimise the effect of any additional dielectric material
within the near field of the tag antenna on its performance, the tags
which were used as probes were glued to a plastic drinking straw
(6mm diameter) using the same cyanacrylate based glue which was
also used in the field experiments to attach a tag to a bee (Cyberbond
2610 instant cyanoacrylate adhesive). Drinking straws are sufficiently
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Figure 3.3: Experimental set-up for measuring the spatial pattern of detec-
tion probability depending on the position of a tag within the
near field of a reader antenna using an off-the-shelf 3D printer
as a positioning device. Here, an MTI RU-824 RFID reader is posi-
tioned a few cm above the print bed of a FlashForge Dreamer 3D
printer used as a positioning stage. A Hitachi IM-PK2525 RFID
tag is positioned just above the housing (and thus the antenna)
of the RFID reader. It is attached to the print head carriage using
custom designed 3D printed clamps holding a straw. Cling wrap
was used to prevent the RFID reader from moving on the smooth
surface of the print bed due to motion induced vibrations during
the measurement. See Figure 3.9 for an example measurement re-
sult.
strong to allow accurate positioning of the tag (without bending too
much depending on orientation as a result of gravity or accelera-
tion forces during positioning) while having a very thin shell. The
straw was then attached to the print head using custom designed 3D
printed adapters which were clipped onto the print head carriage,
which can be positioned in the (x, y) plane.
3.2.3 Software
The measurements were controlled using a custom-written Python
(Rossum, 1995) program which accessed the RFID reader modules
through their native USB or UART protocols for which the documen-
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Figure 3.4: Measurement system for antenna dependent detection pattern
using USB RFID reader modules (schema).
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Figure 3.5: Measurement system for antenna dependent detection pattern
using RFID reader system with embedded controller (schema).
tation is publicly available (Microelectronics Technology Inc., 2014;
Impinj, Inc., 2016b).
3.2.3.1 Scanning algorithm
Initially, a very simple algorithm was used which just performed an
exhaustive grid scan (Figure 3.6). Figure 3.7 shows a sequence dia-
gram of the interactions between the components of the measurement
system.
3.2.3.2 Improved (adaptive) scanning algorithm
The run time of an exhaustive grid scan is proportional to the covered
volume, i.e. it grows according to O(`3) with the linear dimensions
` of the volume, making it quite costly to add a sufficient margin
around the volume of interest. Making sure that the full extent of an
antenna’s detection volume is covered by a scan requires to include a
fair margin around the antenna.
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Figure 3.6: High level grid scanning measurement control algorithm.
The FlashForge 3D printer only supports asynchronous positioning
commands, i.e. it does not report when the print head (x, y-axis)
and the print bed (z-axis) have reached their target positions after
a positioning command has been issued. Therefore, the measurement
control software added a computed delay including a safety margin
after each positioning command to allow the print head to reach its
target position before starting the RFID inventory process for that
location.
Given that probing a single point can take tp = 5 s, scanning even a
moderately sized single patch antenna measuring x = 50 mm by y =
50 mm using a step width of ∆` = 1 mm in each direction, resulting
in a resolution of ∆`3fine = 1 mm
3, can take quite a long time. Assum-
ing an overscan buffer of b = 20 mm on each side and a maximum
distance from the antenna plane of z = 30 mm, we are scanning every
cubic millimeter of a volume of V = (x + b)(y + b)z = 243 000 mm3,
amounting to
ttotal =
TpV
∆`3fine
= 337.5 h,
which equals more than 14 days for a single parameter set (e.g. one
particular power level for the interrogation signal).
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initialise	printer
initialise	reader
move	to	new	position
wait
configure	parameters
ACK
start	inventory
ACK
perform	inventory	cycles
receive	tag	reports
report	tags	[if	any]
...
loop[	until	timeout	or	max.	inventory	cycles	reached	]
cancel	inventory
ACK
store	data
loop [	over	parameter	configurations	]
loop [	while	any	position	left	to	visit	]
3D	Printer Control	computer RFID	Reader
Figure 3.7: Sequence diagram of measurement control system.
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Because the scan volume includes the beforementioned safety margin
around the antenna, there is typically a considerable fraction of the
scanned locations without any detection (which can be more than
50% depending on the shape of the detection pattern, see for example
Figure 3.18). Given the rather coarse shape of the contiguous regions
with detections, it suffices to reduce the scanning resolution within
the no-detection regions. This allows to reduce the scanning effort
and thus the time it takes to complete a measurement run.
To this end, we implemented an improved, adaptive scanning algo-
rithm (Figure 3.8). It starts out with a coarse grid of regularly spaced
‘seed locations’ (typically using an isotropic step size of 5mm) which
it starts to scan. If a tag is detected at any location during a scan, the
surrounding cells of that location up to the next coarse grid cell will
be scanned using the full resolution (i.e. with a step size of 1mm).
Given the smooth shape of the contiguous regions within which de-
tections occur, this ensures that these regions and their boundaries
separating them from the non-detectable regions are fully covered
(Figure 3.3). I chose a step width of ∆`coarse = 5 mm for the initial
(seed) grid. This results in a reduction of the scanning effort and thus
a speed-up of
R =
∆`3fine
∆`3coarse
= 125
within detection-free regions of the scanning volume, making it much
more affordable to add a comfortable scanning margin. The achiev-
able overall speed-up depends on the relative size of the detection-
free volume.
3.2.3.3 Measurement grid resolution
The antenna of the Hitachi IM5-PK2525 RFID tags serving as probes
in this experiment measures 2.5mm by 2.5mm. Spatial changes in the
magnetic field on a smaller scale than this area would be smoothed
out, because according to the Maxwell-Faraday equation∮
∂Σ
E · d` = − d
dt
∫∫
Σ
B · dS
(where E is the electric field vector, Σ the enclosed surface, and B the
magnetic field) a coil antenna integrates the time-varying magnetic
flux over the enclosed area. We thus chose a step size for the scan-
ning grid of 1mm in each direction. First measurements confirmed
that this step size was sufficiently small, since any position at which
a tag could be detected almost always belonged to a contiguous sub-
volume of surrounding grid positions at which the tag could also
be detected and which showed smooth boundaries (Figure 3.3). This
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Scan	volume
Yes
No
No
Yes
Initialise	list	of	locations	to	scan	with	coarsely	spaced	seed	locations
Position	tag	at	next	unvisited	location
Detect	tags	(Perform	Inventory)
Any	detection?
Mark	neighbouring	locations	as	to	scan
Mark	current	location	as	done
Done?
Start
End
Figure 3.8: Adaptive grid scanning algorithm.
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Figure 3.9: Measured detectability pattern for a Hitachi IM-PK2525 RFID
tag positioned in the near field of an MTI RU-824 RFID reader
equipped with an integrated antenna at +21dBm interrogation
signal power setting as measured with our 3D printer based
measurement system. All axis units are mm. The (x, y) plane
corresponds to the horizontal plane in Figure 3.3. Colour repre-
sents the number of detections which occurred at the respective
tag position within an active detection period of max. 1 s during
which the tag was interrogated up to 20 times while being sta-
tionary. The fact that sometimes more than 20 detections were
counted could be caused by the way the detection cycle limit is
implemented within the reader firmware.
figure also shows that the step size should not be much larger than
1mm either, because then it would not be possible to resolve the vol-
ume separating different contiguous subvolumes from each other.
3.3 results and discussion
3.3.1 Single Antenna System Measurements
A near field scan of the single antenna RFID detection system based
on the MTI RU-824 USB RFID reader with integrated internal antenna
which was used in the first field trials revealed an elongated irregular
and asymmetric detection pattern extending up to 12mm above the
top surface of the reader (Figures 3.9, 3.10). This measurement result
is consistent with the low detection rates observed in our field trials
(see section 2.4.1).
Along the z direction (height), the detection profile quickly falls off,
such that 75% of the detection volume lies below z = 6 mm (Figure
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Figure 3.10: 2D projections of the measured detectability pattern for the in-
ternal antenna of an MTI RU-824 RFID reader, corresponding
to Figure 3.9. Colour indicates signal strength (Received Signal
Strength Indicator, RSSI): a) to c) show the minimum, d) to f) the
mean, and g) to i) the maximum RSSI throughout the volume
projected onto to the plot plane. Note that the pattern is offset
along the x-axis compared to Figure 3.9 to reduce the required
axis range while maintaining an aspect ratio of 1:1.
3.11), which explains the overall low detection rates, because reader
and tag were typically separated by at least the height of a bee, even
for a bee walking directly on top of the reader module.
Since there is evidence for individual lateral preferences in some bee
species (Kells and Goulson, 2000; Goulson, Park et al., 2013), the pro-
file’s asymmetry along the y direction (parallel to the long side of the
reader module) could explain the in/out detection asymmetry for in-
dividual bees as shown in Figure 2.11.
Since the IM-PK2525 RFID tag is inherently a near-field tag coupling
predominantly to the magnetic field of the antenna, we assumed
that a specialised near-field antenna designed to generate a high-
intensity and relatively homogeneous magnetic field in its vicinity
would be suited well to our application. We therefore measured the
detection pattern of an Impinj A0303 Mini Guardrail Antenna (Im-
pinj, Inc., 2017a), depicted in Figure 3.12. This antenna employs a
segmented loop design similar to the one described in Qing et al.
(2009) to achieve a constant current phase around the loop, resulting
in an increased magnetic component of the near field. The detectabil-
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Figure 3.11: Cumulative distribution of measured detection volume from
Figure 3.10 along the z-axis. The grey horizontal line represents
the 75th percentile, indicating that over 75% of all detectable
locations lie below z = 5 mm.
ity pattern of this antenna indeed shows a relatively homogeneous
magnetic field which results in a horizontally spread out, but very
flat detectability region (Figure 3.14). The detectability region of this
antenna was so flat that we could only detect the tag after removing
the top cover (Figure 3.13). We concluded that antennas exhibiting
a more localised magnetic field component are better suited to our
application.
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Figure 3.12: Impinj A0303 Mini Guardrail Antenna (133mm × 70mm
× 19mm). This antenna is designed to work well with predomi-
nantly magnetically coupled near-field UHF RFID tags in close
proximity.
Figure 3.13: Detection pattern measurement of Impinj A0303 Mini Guardrail
Antenna. For this measurement, the top cover of the antenna
had to be removed to allow the tag to get close enough to the
conducting traces of the printed circuit board (PCB) of the an-
tenna to be detected at all. The probe RFID tag (Impinj IM-
PK2525) is located at the bottom of the drinking straw (trans-
parent tube), with its surface normal parallel to the straw.
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Figure 3.14: 2D projections of the measured detectability pattern for an Imp-
inj A0303 Mini Guardrail Antenna connected to an MTI RU-824
RFID reader, measured at +27dBm interrogation signal power.
Colour indicates signal strength (Received Signal Strength Indi-
cator, RSSI): a) to c) show the minimum, d) to f) the mean, and
g) to i) the maximum RSSI throughout the volume projected
onto to the plot plane. The horizontal scanning area was lim-
ited by the inner dimensions of the case of the antenna, because
the tag could only be detected after removing the top cover of
the antenna and probing close to the actual antenna PCB inside
the case. The innermost region also had to be spared because of
the presence of spacers in this location (see Figure 3.13).
Due to the small size of the antenna of the Hitachi IM-PK2525 RFID
tag, we expected the detection range to be limited by the power the
tag requires to operate, which it extracts from the interrogation sig-
nal emitted by the reader antenna. We therefore investigated the ef-
fect of increasing the interrogation signal power level up to the maxi-
mum level supported by the RFID reader module. The received signal
strength as reported by the RFID reader in the RSSI (received signal
strength indicator) field for each tag detection was averaged over all
tag positions yielding at least one detection. The averaged RSSI ex-
hibited a minimum at an interrogation power level of 18dBm around
which it close to linearly increased with changing interrogation power
(on the logarithmic dB scale, thus correspondig to a product of expo-
nentials with exponents of opposite sign), as can be seen in Figure
3.15. We found that an increase in RSSI did not correspond to the
expected increase in detection volume: for interrogation signal power
levels different from +18dBm the detectable volume decreases with
increasing power difference from +18dBm (Figures 3.16 and 3.17).
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Figure 3.15: Signal strength reported by the detector as RSSI (Received
Signal Strength Indicator) in units of dBm for all detections
throughout the scanned near-field of an ARRUN5-915 ceramic
patch antenna (Abracon Corporation, 2014b) connected to the
new MTI RU00-M03-X based RFID reader prototype system us-
ing an IM-PK2525 tag as a probe.
This result is likely due to the fact that increased power of the re-
flected interrogation signal from the antenna reduces the effective
sensitivity of the RFID reader at higher power levels, overcompensat-
ing the increase in received tag signal power which would otherwise
suggest increased detectability, and reduced signal to noise ratio for
lower power levels. In this power regime, the limiting factor for tag
detectability is not the power required by the tag to operate, but the
effective reader sensitivity at the given power level.
We therefore concluded that the optimum power level for use with an
ABRACON ARRUN 915MHz antenna is close to +18dBm for both
readers, the MTI RU-824 and the new MTI RU00-M03-X based proto-
type (Figures 3.16 and 3.17). To facilitate a meaningful comparison be-
tween the two reader modules, these measurements were conducted
using an external ARRUN 915MHz antenna connected to the inter-
nal antenna port of the RU-824 reader instead of using its internal
antenna.
We further measured two commercial UHF RFID ceramic patch
antennas of different sizes. The larger type, an ABRACON ARRUN5-
915.000MHz antenna (Abracon Corporation, 2014b), has a ceramic
substrate measuring 80mm × 80mm, while the smaller type, an
ABRACON ARRSN5-915.000MHz (Abracon Corporation, 2014a)
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Figure 3.16: Detection volume (number of scanned grid locations yielding
one or more detections) vs. interrogation signal power, mea-
sured using the new MTI RU00-M03-X based RFID reader
prototype connected to an external ceramic patch antenna
(ABRACON ARRUN5-915.000MHz). Despite higher interroga-
tion power levels leading to increased measured RSSI levels (see
Figure 3.15), the actual detection volume / number of grid loca-
tions where the probe tag could be detected at all decreases with
increasing interrogation power. This is likely due to the receiver
input stage being overdriven into saturation.
employs a ceramic substrate of 45mm × 45mm. As expected, the
larger antenna (ARRUN5) yielded a smaller vertical detection range
of 9mm at 18dBm (Figure 3.18) than the ARRSN5, which achieved
a maximum vertical range of 34mm at 27dBm (Figure 3.19). This
difference in the optimal interrogation signal power is likely due
to a lower reflection coefficient of the antenna, which enables us
to exploit the benefits of using higher reader power to increase the
reading range.
Based on these results, we decided to base our next steps on the
ARRSN5 antenna, because the shape and size of its detection volume
are well matched to using it as a detection antenna inside an entrance
tunnel of a bee hive or artificial feeding station.
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Figure 3.17: Detection volume (number of scanned grid locations yielding
one or more detections) vs. interrogation signal power, mea-
sured using an MTI RU-824 RFID reader connected to an exter-
nal ceramic patch antenna (ABRACON ARRUN5-915.000MHz).
This reader/antenna combination also achieves its maximum
detection volume at around +18dBm.
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Figure 3.18: 2D projections of the measured detectability pattern for an
ABRACON ARRUN5-915.000MHz 80mm × 80mm ceramic
patch antenna, measured at +18dBm interrogation signal power
where it exhibits the highest detection volume in combina-
tion with the MTI RU00-M03-X based RFID reader prototype.
Colour indicates signal strength (Received Signal Strength Indi-
cator, RSSI): a) to c) show the minimum, d) to f) the mean, and
g) to i) the maximum RSSI throughout the volume projected
onto to the plot plane.
3.3 results and discussion 63
0
20
40
60
0 20 40 60 80
x
y
a
0
20
40
60
0 20 40 60 80
x
z
b
0
20
40
60
0 20 40 60 80
y
z
c
0
20
40
60
0 20 40 60 80
x
y
d
0
20
40
60
0 20 40 60 80
x
z
e
0
20
40
60
0 20 40 60 80
y
z
f
0
20
40
60
0 20 40 60 80
x
y
g
0
20
40
60
0 20 40 60 80
x
z
h
0
20
40
60
0 20 40 60 80
y
z
i
−100 −80 −60 −40
RSSI [dB]
Figure 3.19: 2D projections of the measured detectability pattern for an
ABRACON ARRSN5-915.000MHz ceramic patch antenna with
a ceramic substrate of 50mm × 50mm, measured at +27dBm
interrogation signal power (which yielded the maximum detec-
tion volume). Colour indicates signal strength (Received Signal
Strength Indicator, RSSI): a) to c) show the minimum, d) to f) the
mean, and g) to i) the maximum RSSI throughout the volume
projected onto to the plot plane. The gaps at z = 19 mm and
z = 20 mm are caused by missing data as a result of a technical
problem during the measurement.
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Figure 3.20: Custom-designed 3D printed adjustable measurement rig used
for measuring detection pattern of four-antenna configuration.
Gap between opposite antennas: 25mm (surface to surface), sep-
aration between antenna pairs: 89mm (center-to-center).
3.3.2 Four-antenna configuration measurements
In the last section, we demonstrated that the small IM-PK2525 RFID
tags we use for tagging bees can be detected best within localised
regions of high magnetic field strength inside the near-field of an an-
tenna. We showed that the distribution of these regions in the near
field structure of a patch antenna is well suited to detecting tagged
bees moving past such an antenna placed within the entrance tunnel
of a bee hive or an artificial feeding station. To further enhance the
detection success rate and thus minimize the number of missed read-
ings, we combined this insight with the fact that we are only inter-
ested in detecting tags in a confined space which is smaller than the
wavelength of the RFID carrier frequency (which ranges from 31 cm
to 35 cm for UHF RFID between 860MHz and 960MHz). In an ef-
fort to increase the volume of high-intensity magnetic field regions
further away from the primary antenna (an ABRACON ARRSN5-
915.000MHz ceramic patch antenna), we placed an identical antenna,
facing upside down, opposite to the primary one at a distance of a
few cm (Figure 3.20). This secondary antenna was not actively driven,
but parasitically coupled to the primary antenna, effectively forming
a single antenna with a modified field configuration. Due to the re-
quirement to sense whether the tagged bees enter or leave the hive
(or feeding station), we placed a second such antenna pair next to
the first pair, resulting in an antenna configuration as shown in Fig-
ure 3.20, which depicts the antennas mounted on a purpose-built 3D
printed adjustable measurement rig.
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All four antennas were simultaneously connected to the ports of the
MTI RU00-M03-X based RFID reader prototype and operated in a
round-robin sequence: each of the antennas was active as transmitter
and receiver for a certain amount of time before switching to the next
one. During the active period of one antenna, the other antennas were
parasitically coupled to this active antenna.
First detectability measurement results obtained by scanning the vol-
ume between the antennas indicate that this approach works as ex-
pected, as can be seen in Figures 3.21, 3.22, and 3.23, each of which
shows a different tag orientation. For this measurement, the two op-
posing antennas forming a pair were placed 25mm apart (surface-to-
surface distance), since this distance would provide sufficient clear-
ance for the entrance tunnel which the bees use both for entering or
leaving the hive and as a ventilation duct to maintain hive tempera-
ture by fanning air using their wings. The two pairs were placed at
a distance of 89mm from each other, the maximum feasible distance
given the limited movement range of the 3D printer’s print head car-
riage carrying the probe. As discussed in the next section (3.3.2.1),
there is measurable crosstalk between the antenna pairs at this sepa-
ration distance, indicating that a larger separation would be desirable
for field deployments. However, even at this distance the tag was al-
ready predominantly detected by the correct antenna pair according
to its position between the antenna pairs (see Figure 3.27).
The resulting detection pattern corresponds to a superposition of the
individual detection patterns of the four constituent antennas with
the received signal strength being highest in the high magnetic field
regions close to the perimeter of the antenna patches of each antenna.
For all tag orientations the detectable volume almost completely cov-
ers the cross-section of the scanned volume, as can be seen in the
middle column (projection onto the (x, z)-plane) of Figures 3.21, 3.22,
and 3.23.
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Figure 3.21: 2D projections of the measured detectability pattern for a con-
figuration of four ABRACON ARRSN5-915.000MHz 50mm ×
50mm ceramic patch antennas, measured at +27dBm interroga-
tion signal power (which yielded the maximum detection vol-
ume) for tags oriented parallel to the antenna surfaces. Due to
the movement limits of the 3D printer axes, the detectability pat-
tern could not be fully covered and thus appears clipped. The
results show that a tagged bee passing through the scanned vol-
ume (along the y-axis) would have a very high chance to pass
through a detectable region. Colour indicates signal strength
(Received Signal Strength Indicator, RSSI): a) to c) show the
minimum, d) to f) the mean, and g) to i) the maximum RSSI
throughout the volume projected onto to the plot plane.
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Figure 3.22: Measured detectability pattern of the four-antenna configura-
tion shown in Figure 3.21 using identical parameters, but for
tags oriented normal to the x-axis (perpendicular to the an-
tenna surfaces). Colour indicates signal strength (Received Sig-
nal Strength Indicator, RSSI): a) to c) show the minimum, d)
to f) the mean, and g) to i) the maximum RSSI throughout the
volume projected onto to the plot plane.
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Figure 3.23: Measured detectability pattern of the four-antenna configura-
tion shown in Figures 3.21 and 3.22 using identical parameters,
but for tags oriented normal to the z-axis (perpendicular to the
antenna surfaces). Colour indicates signal strength (Received
Signal Strength Indicator, RSSI): a) to c) show the minimum, d)
to f) the mean, and g) to i) the maximum RSSI throughout the
volume projected onto to the plot plane.
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3.3.2.1 Antenna crosstalk
Coupling between the antennas might cause tags to be detected by
the currently active antenna although they are located outside of this
antenna’s detection range, but instead are within the detection range
of another antenna coupled to the active one. In the context of detect-
ing in which direction tagged bees passing through two antenna pairs
located towards the ends of an entrance tunnel are moving through
the tunnel, this would cause erroneous detection sequences yielding
to possible misinterpretations of their movement direction.
Figures 3.24, 3.25, and 3.26 show the effects of this antenna coupling
as measured in the four-antenna configuration described above (Sec-
tion 3.3.2) for different orthogonal tag orientations from two perspec-
tives. It can be seen that crosstalk is strongest between the two op-
posing antennas of each pair (which would not cause any issues with
determining movement direction), but that there are also regions for
which crosstalk to the currently inactive antenna pair would lead to
erroneous detections as described and shown in Figure 3.27. Electro-
magnetic simulations indicate that this cross-pair coupling can be re-
duced by placing the two antenna pairs further apart (see Figure 4.4).
Unfortunately, a larger pair separation distance would exceed the lim-
its of the measurement system described above; we therefore turned
to field experiments (Warren, 2017) and electromagnetic simulations
(Chapter 4) to determine an optimal separation distance.
In addition to parasitic coupling of the antennas (i.e. the passive an-
tennas receiving energy from the field generated by the active an-
tenna), there could also be some additional coupling through the
ports of the RFID reader (which are internally connected to a circula-
tor IC), which we have not been able to measure yet.
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Figure 3.24: Visualisation of antenna crosstalk from the measurement shown
in Figures 3.21 – 3.23 for tags oriented parallel to the antenna
surfaces. Each row corresponds to one active antenna, as indi-
cated by the row labels. The labels correspond to the following
antenna positions (relative to this Figure): 0) bottom right, 1)
top right, 2) bottom left, 3) top left. Colours correspond to the
projection of the mean of the received signal strength (RSSI) for
probe tags oriented parallel to the antenna surfaces, adjusted
for their position offsets, averaged over all detections at each
position through the scanned volume along the projection axis
(z-axis). This figure shows that a tag oriented parallel to the an-
tenna surfaces is most likely to be detected by the active antenna
(marked with a red dot) if it is close to this antenna or the one
opposite to that, but that it can also be detected by this active
antenna if it is located close to one of the inactive antennas of
the other antenna pair, albeit with a lower mean received signal
strength.
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Figure 3.25: Visualisation of antenna crosstalk from the measurement shown
in Figures 3.21 – 3.23 for tags oriented perpendicular to the an-
tenna surfaces. Each row corresponds to one active antenna, as
indicated by the row labels. The labels correspond to the follow-
ing antenna positions (relative to this Figure): 0) bottom right,
1) top right, 2) bottom left, 3) top left. Colours correspond to
the projection of the mean of the received signal strength (RSSI)
of each of the 3 probe tags of the 5-tag probe which are ori-
ented perpendicular to the antenna surfaces (adjusted for their
position offsets) averaged over all detections at each position
through the scanned volume along the z-axis. This figure shows
that a tag oriented perpendicular to the antenna surfaces is most
likely to be detected by the active antenna (marked with a red
dot) if it is close to this antenna or the one opposite to that, but
that it can also be detected by the active antenna if it is located
close to one of the antennas of the other antenna pair, albeit
with a lower mean received signal strength. Note that the probe
tags of the shown orientations could not get any closer to the
antenna surfaces than 3mm due as a consequence of the probe
geometry.
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Figure 3.26: Visualisation of antenna crosstalk from the measurement shown
in Figures 3.21 – 3.23. Each column corresponds to one active
antenna, as indicated by the row labels. The labels correspond
to the following antenna positions (relative to this Figure): 0/1)
right, 2/3) left. Colours correspond to the projection of the max-
imum of the received signal strength (RSSI) of each of the 5
probe tags (adjusted for their position offsets) averaged over all
detections at each position through the scanned volume along
the z-axis (note that the probe tags in the top, bottom and front
positions can not get closer to the antenna surfaces than 3mm,
which results in the blank areas at the lowest and highest y val-
ues). This figure shows that a tag is most likely to be detected
by the active antenna (marked with a red dot) if it is close to
this antenna or the one opposite to that, but that it can also be
detected by the active antenna if it is located close to one of the
antennas of the other antenna pair, albeit with a lower mean
received signal strength.
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Figure 3.27: Proportions of the empirical marginal distribution of the detect-
ing antenna conditioned on the position along the y-axis of the
four-antenna configuration presented in the preceding figures.
Bees moving through an entrance tunnel equipped with such
an antenna configuration would have to pass through all points
along the y-axis. If the bee can be detected multiple times dur-
ing this passage, the higher probability of detection by the cor-
rect antenna pair could be exploited to infer the true direction
of movement in the presence of misdetections.
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3.3.2.2 Detection timing
For this measurement, the four antennas were operated sequentially:
one antenna was active for up to 250ms (or until 40 inventory rounds
according to ISO-18000-63 had completed - whichever came first) be-
fore the reader would automatically switch to the next antenna in se-
quence (in field trials we used 125ms and 20 inventory rounds). This
means that each antenna was active (powered) and detecting tags at
least once per second. For each tag detection, 144 bits of tag informa-
tion were transmitted, as the tag’s unique read-only ID (Tag-ID, or
TID) of 48 bits was transmitted alongside the 96 bit EPC code in this
case.
For a set of 5 tags simultaneously located within the detectable vol-
ume, the median time it takes for the full set to be detected is 50ms
(corresponding to a full-set detection rate of 20 times per second), the
95th percentile is 151ms (corresponding to a full-set detection rate of
6.62 times per second).
3.3.3 Conclusion and future optimisation opportunities
In this chapter we demonstrated that it is possible to build a robotic
measurement system capable of measuring the magnetic near-field of
antennas at UHF RFID frequencies with a spatial resolution of 1mm
based on an off-the-shelf consumer-grade 3D printer in combination
with an RFID reader capable of measuring received signal strength
(RSSI) and inexpensive ultra-small package RFID tags.
We used this system to measure detection performance characteris-
tics of two different RFID reader systems in combination with three
commercially available UHF RFID antennas. We found that the size
and shape of the detection volume of the stand-alone desktop UHF
RFID reader with integrated antenna we used in the first field trials
was not sufficient to reliably detect tagged bees walking past its an-
tenna. We also found that two of the tested commercial antennas did
not meet our requirements either: the detection patterns of both, a
specialised near-field antenna, and a relatively large (80mm × 80mm
substrate size) ceramic patch antenna, turned out to be spread out
along the antenna surface but did not extend sufficiently far from
the surface. In combination with the new RFID reader prototype, the
third tested antenna, a smaller ceramic patch antenna (with a sub-
strate sized 45mm × 45mm) showed the most promising detection
pattern, extending vertically up to 30mm from the antenna surface.
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Based on this antenna, we designed a configuration of four identical
antennas, arranged in two opposing pairs. Measurement results of
the detection pattern of this antenna configuration suggest that it is
well suited to our application of detecting RFID tagged bees.
Field tests of antenna arrangements of this kind with varying dis-
tances between the individual antennas, mounted within the entrance
tunnel of an artificial feeding station for honey bees in the course of
a Honours’ thesis confirmed that using this antenna configuration ef-
fectively reduced the proportion of missed detections down to 2.7%,
achieving a successful detection rate of 97.3% which is better than
that of any previously published study (Warren, 2017).
All measurements were conducted using the (identical) default link
profile of both readers (Table 3.1). The ISO 18000-63 standard in-
cludes provisions for using higher speed read modes which could
potentially lead to further increases in detection performance. Buet-
tner and Wetherall (2008) found in an empirical study on RFID de-
tection performance that the achievable tag detection performance
depends on many factors. Although their results suggest that using
one of the higher speed reader modes or altering other protocol pa-
rameters would be unlikely to increase the net detection performance
significantly in our case, this still needs to be examined. Another as-
pect which should be addressed in future research is the influence of
the number of simultaneously readable tags on the detection perfor-
mance. Here, again, Buettner and Wetherall’s results (ibid.) suggest
that numbers of tags ranging up to a few tens are not likely to cause
any problem in terms of detection performance limits. They were able
to show that they could read a full set of 16 tags at least seven times
per second at a tag data rate of 26.7kbps in a so-called dense-reader-
mode which uses Miller-4 encoding of the tag data (see ISO 18000-63
(2013)) for increased robustness against interference. Since we also
use the robust Miller-4 encoding, but at a faster data rate of 62.5kbps,
the achievable detection rates in our case should be higher than those
reported therein.
Table 3.1: Parameters of the RFID reader link profile used in our measure-
ments as defined in the ISO 18000-63 / GS1 standard (2013), cor-
responding to the default setting of both RFID readers, the MTI
RU-824 and the MTI RU00-M03-X based prototype (Microelectron-
ics Technology Inc., 2014, 2016).
Parameter Value
Modulation Type PR-ASK
Tari Duration [µs] 25
Data01 Difference 0.5
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Parameter Value
Pulse Width [µs] 12.5
R-T Calculation [µs] 62.5
T-R Calculation [µs] 85.33
Divide Ratio 21.33
Data Encoding Miller-4
Pilot Tone 1
Link Frequency [kHz] 250
Data Rate [kbps] 62.5
One inherent drawback of our measurement system is the presence
of metal parts of the 3D printer relatively close to the antenna un-
der test (at distances which are comparable to the wavelengths). In
our particular case this is not likely to have a significant influence,
because our tags mainly couple to the magnetic field and require the
magnetic coupling to the antenna to be quite strong (as they can only
be detected very close to the antenna). Thus, any non-ferrous metal
within the antenna near-field is unlikely to have a strong influence on
our results. In the general case of measuring tags which also couple to
the electric field however, this would have to be taken into account.
Furthermore, the scanning speed and movement range of the mea-
surement system can be improved by utilising probes carrying more
than one tag in a regular 1D, 2D or even 3D grid. First tests we per-
formed using 1D and 2D arrays indicate that this method does work
well and can yield speed gains linear in the number of probe tags
used. However, calibration and alignment can be more difficult using
this approach: for a probe with a single tag, the positioning precision
and accuracy only depend on the alignment of the 3D printer, which
for consumer grade printers is typically close to 0.1mm (Zhang et
al., 2013). This approach might also require taking into account mu-
tual influences between the probe tags. However, we did not notice
any obvious mutual influence using 5 probe tags located 3 to 6mm
from each other with two parallel pairs oriented perpendicular to
each other pair and another single tag perpendicular to both pairs.
Finally, knowing the residual output power of the inactive antenna
ports of the multi-port RFID reader (resulting from crosstalk with the
active port) as well as the impedance of these inactive ports would
be helpful for understanding the measurement results in terms of
underlying field strengths. In the context of our application, this is
however irrelevant, because we are ultimately interested in the actual
tag detection performance as measured by this system.
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O P T I M I S I N G A C O N F I G U R AT I O N O F F O U R
A N T E N N A S B A S E D O N E L E C T R O M A G N E T I C
S I M U L AT I O N S
4.1 introduction
This chapter continues the analysis of the four-antenna configuration
consisting of two opposing antenna pairs arranged side by side which
was introduced in Chapter 3. There we showed that this antenna con-
figuration exhibits a detection volume whose shape is well matched
to detecting tagged bees walking through a hive or feeder entrance
tunnel equipped with such an antenna configuration connected to a
four-port RFID reader. However, the detection pattern measurement
for such an antenna configuration with a separation of 89mm be-
tween the antenna pairs also revealed that there was non-negligible
cross-talk between the two antenna pairs, limiting our ability to de-
tect the direction of motion of tagged bees passing through the tunnel
(Figures 3.24 – 3.27). One way to mitigate this coupling issue while
using the same interrogation signal power level to maintain the max-
imum possible detection volume would be to increase the separation
between the antenna pairs. Due to the limited motion range of the 3D
printer based detection volume measurement system used in Chapter
3, larger separations than 89mm become difficult to measure.
Therefore, electromagnetic simulations were used to analyse the ef-
fects of larger pair separation distances.
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4.2 methods and materials
4.2.1 Antenna modeling
The coupling between the four antennas of the antenna configuration
introduced in section 3.3.2 was analysed via electromagnetic simu-
lations performed using the open-source software OpenEMS (Liebig
et al., 2013), an equivalent circuit finite differences time domain (EC-
FDTD) solver (Rennings et al., 2008). The proposed antenna configu-
ration consists of four identical commercial ceramic patch UHF RFID
antennas arranged in two opposing pairs located side by side.
The geometry of the individual antennas was modeled after the spec-
ification of the ABRACON ARRSN5-915.000MHz (Abracon Corpora-
tion, 2014a) antenna used in the laboratory experiments described in
Chapter 3 as well as in associated field experiments (Warren, 2017).
The modeled geometry was slightly modified and simplified to gen-
erate a manageable FDTD discretisation:
• The antenna feed was modeled as a lumped element, because
modeling a small-diameter co-axial feed would result in many
small Yee cells (Taflove and Hagness, 2005), increasing the re-
quired simulation time which depends on the size of the small-
est Yee cell (Rennings et al., 2008). The feed impedance was set
to 50Ω.
• The FR-4 substrate underneath the ground plane was left out,
since it would also result in small cell sizes.
The conducting elements of the antenna (ground plane and patch)
were modeled as infinitely thin perfect conductors.
The antenna data sheet does not specify the dielectric properties of
the ceramic substrate. However, supplementary documentation from
the manufacturer lists the dielectric constant for the ARRUN5 anten-
nas as εr = 20, but there is no information whether this applies to the
868MHz or the 915MHz version of the antenna or to both versions
(Abracon Corporation, 2017). There is also no information available
regarding the loss tangent of the material. We therefore estimated the
dielectric properties εr and tan δ of the ceramic substrate via gradient-
free nonlinear numerical optimisation by iteratively simulating the
antenna model with varying εr and tan δ. The otimisiation targeted a
resonant frequency of f0 = 915 MHz and an impedance of Z0 = 50Ω
at that frequency, consistent with the nominal values specified for the
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antenna. This optimisation was performed using the Nelder-Mead
method (Nelder and Mead, 1965) minimising the following cost func-
tion:
fcost (εr, tan δ) =
(
fres − f0
1 MHz
)2
+
(
Z| f0 − Z0
1Ω
)2
where fres is the resonant frequency (at which S11 is minimal), and
Z| f0 is the simulated feed impedance of antenna 1 at the frequency f0.
The optimisation process was controlled by the generic command-line
parameter optimisation program ParOpt (Seemayer, 2016), essentially
a command-line interface to the mimimize() method of SciPy (Jones et
al., 2001/), a package of scientific tools for Python (Rossum, 1995).
4.2.2 Simulation of antenna configurations
The single antenna model resulting from the optimisation described
in 4.2.1 was then used to simulate the four-antenna configuration us-
ing a parametric model. This model consists of four copies of the
single antenna model placed at the given distances between the op-
posing antennas of one pair and between the two pairs (see Figure
4.1).
The model was then simulated for combinations of within-pair dis-
tances between 20mm and 50mm in steps of 5mm and between-pair
distances ranging from 80mm – 200mm, covering feasible distances
for use in bee hives.
4.2.3 Pilot field trial
Detection success ratio
The proposed antenna configuration consisting of two opposing pairs
developed in section 3 was evaluated in a field trial conducted for
three days in April 2017 at the University of Tasmania’s Horticultural
Research Centre in Sandy Bay, Tasmania (S 42°54’33’‘, W 147°19’27’’)
in the course of an honours thesis (Warren, 2017).
An RFID reader system as described in section 3.2.1 was installed at
an artificial feeding station (Figure 4.2) close to an apiary consisting
of 18 Langstroth hives located on site.
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Figure 4.1: 3D model of four-antenna configuration used in electromagnetic
simulation. Shown here is the model for a within-pair distance
of 20mm (measured between the antenna patch surfaces) and a
between-pair distance of 80mm (measured from center to cen-
ter). The green arc shapes represent air. At a higher priority
than the ceramic substrate (shown as purple), their effect is to
round off the corners of the substrate. The (hardly visible) small
vertical bars within the antenna structures represent the feed lo-
cations. The background shows part of the rectilinear grid pro-
jected onto the edge of the simulation volume. Smaller grid cells
are used in regions of higher relative permittivity (εr) and along
non-rectangular features of the structure. Connectors, cables and
the printec circuit board substrate underneath the ground plane
were left out of the model to reduce computation time.
A wooden experimental entrance tunnel was constructed to which the
four antennas were attached using sticky tape to achieve an intra-pair
distance of ca. 40mm and an inter-pair distance of 170mm.
The feeding station was situated on top of a 1.5m wooden post.
A modified Boardman beehive feeder containing microbe-free (auto-
claved) 55% sugar water solution was used. To ensure constant sugar
water supply, the feeder was checked daily and refilled if necessary.
Each day, 20 additional bees were tagged with Hitachi IM-PK2525
RFID tags (see section 2.2.1) at the feeder.
The data was analysed in the same way as described in section 2.4.1.
To select representative data, only data from individuals detected at
least once by all four antennas and at least 10 times were included in
the analysis.
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Figure 4.2: Experimental entrance tunnel equipped with four ceramic patch
UHF RFID antennas in a dual opposing pair configuration
(left, opened); Operational experimental feeding station (right).
Source: Warren (2017)
Influence of antenna pair separation distance
We also examined the influence of the inter-pair separation distance
in four further short-term field trials in August and September 2017
with separation distances of 0 cm (antennas placed right next to each
other), 8.5 cm, 10.0 cm, and 12.8 cm, each running for 3 days, with
20 bees freshly tagged at the feeder each day. For consistency with
the 17 cm separation distance data set, only data from individuals
detected at least once by all four antennas and at least 10 times in
total were included in the analysis of this data. In addition, data for
one particular bee exhibiting a highly unusual detection pattern was
excluded from the analysis as well. The selected data were explored
graphically.
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Dielectric properties of the antenna
The product data sheet of the ABRACON ARRSN5-915.000MHz an-
tenna (Abracon Corporation, 2014a) does not specify the dielectric
properties of the ceramic substrate used. Therefore, the dielectric con-
stant εr and loss tangent tan δ were estimated via numerically optimis-
ing a single-antenna model dimensioned according to the data sheet
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to match the resonance frequency and the S11 reflection coefficent
given in the data sheet.
This optimisation resulted in an estimate of
εr ≈ 18.8
for the dielectric constant of the ABRACON ARRSN5-915.000MHz
antenna. This seems plausible given the value of εr = 20 stated in
the manufacturer’s on-line supplementary documentation (Abracon
Corporation, 2017).
The result for the loss tangent was tan δ ≈ 144 · 10−4. The radiation
efficiency of the optimal model was quite low at≈ 20%. The efficiency
is also not specified in the data sheet (Abracon Corporation, 2014a).
However, some commercially available UHF RFID ceramic patch an-
tennas are assumed to have efficiencies around 40%.
These estimated values were used in the subsequent simulations of
the four-antenna set-up.
4.3.1 Four-antenna configuration simulation results
Figure 4.4 shows how the simulated reflection coefficient S11 and cou-
pling coefficients S21, S31, and S41 of the antenna configuration at the
center frequency f0 = 915 MHz depend on the distances within and
between the antenna pairs. In this simulation, antenna 1 is actively
driven and antennas 2–4 are parasitically coupled to antenna 1. All
S-parameters vary smoothly with both, intra- and inter-pair distance.
Within the shown parameter range, S11 varies between −12.7 dB
and −9.75 dB. It is nearly independent of the distance between
the pairs and increases with increasing within-pair distance. The
coupling to the second antenna of the first pair (S21) varies mainly
with the within-pair distance, with increasing separation leading
to decreased coupling. Overall, S21 is higher than the coupling to
the antennas of the other pair (S31 and S41). While S31 is positively
correlated with within-pair distance, S41 shows a weaker negative
correlation. With increasing between-pair distance, the influence of
the within-pair distance on S31 and S41 decreases. S31 and S41 both
decrease monotonically with increasing between-pair distance.
The simulation results presented above suggest that the detection per-
formance of the proposed dual opposing antenna configuration can
be optimised according to the following rules:
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Figure 4.3: Simulated resonance frequency (at which S11 is minimal) of four
antenna configuration consisting of two opposing pairs placed
side by side depending on the separation of the antennas within
and between the two pairs. Compared to the resonance fre-
quency of f0 = 915 MHz of a single constituent antenna, the four-
antenna configuration is de-tuned towards higher frequencies.
For all separations between the antenna pairs, the simulated res-
onance frequency varies consistently with the distance between
two opposing antennas (within-pair distance). It is lowest for a
within-pair distance of 30mm – 40mm. The resonance frequency
only varies with the pair distance at distances below 120mm
and for within-pair distances below 30mm. Note that the limited
frequency resolution of the simulation leads to identical results
for some within-pair distances, resulting in overplotting: the res-
onance frequencies for 45mm and 50mm are identical (upper
straight line), as are those for 30mm, 35mm, and 40mm (lower
straight line). The continuous lines represent LOESS smoothing
interpolations (Cleveland and Devlin, 1988) which have been
added to aid visual interpretation.
• It is advisable to keep the within-pair antenna distance small to
increase the reader sensitivity by reducing the amount of power
reflected back into the transmitter (S11), despite the antennas
being more strongly de-tuned (Figure 4.3).
• To reduce unwanted coupling between the two pairs and thus
minimize ambiguities in detecting in- or outward motions of
tagged bees, the distance between the antenna pairs can be in-
creased as required.
It should be noted that the presence of any metal elements in
the vicinity of the antenna configuration will influence the reso-
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Figure 4.4: Simulated coupling coefficients of four antennas arranged in a
dual opposing pair configuration (Fig. 4.1) at f0 = 915 MHz de-
pending on intra- and inter-pair distances (shown on x-Axis and
represented as different colours). Antenna 1 is actively driven,
antennas 2–4 are parasitically coupled. S11 corresponds to the
power reflected back into the transmitter port, S21 corresponds
to the power transmitted from antenna 1 to antenna 2, etc. Over
the analysed parameter range, the coupling from antenna 1 to an-
tenna 2 (the opposing antenna of the same pair) is consistently
higher than the coupling to antennas 3 and 4, which form the
other antenna pair. As expected, the coupling to the second an-
tenna pair decreases with increasing distance between the two
pairs. The reflection coefficient S11 and the coupling within the
first pair (S21) depend only weakly on the distance between
the pairs. At just below -10dB, the reflection coefficient S11 ap-
proaches the specified limit of the RS2000/RU00-M03-X RFID
reader module, which requires S11 to be -10dB or less.
nance structure and coupling coefficients and should therefore be
avoided.
The simulation results presented in this chapter should be taken as in-
dicative only – partly because of the simplified model geometry, but
also due to inevitable discrepancies resulting from imperfect model-
ing, as demonstrated for example by Vandenbosch et al. (2016).
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Figure 4.5: Histograms of inter-detection intervals for pairs of successive de-
tections of the same tag, summed up for all tags. The panels
correspond to the combination of the detection locations for the
two detections of each pair (which can either be inner or outer,
where inner corresponds to the antenna pair located closer to the
feeder jar). Thus, the panels on the diagonal show subsequent
detections which both occurred at the same end of the entrance
tunnel, while the off-diagonal panels show inner/outer or outer/in-
ner detection pairs. Colour represents the classification of the de-
tection events into successfully detected inbound or outbound
transitions, timeouts suggesting missed intermediate events, and
successive detections by the same reader according to the heuris-
tic described in section 2.4.1. Note the logarithmic scale of the
time axis. Detection intervals of less than 1 s were excluded for
this figure and from the analysis, because they do not represent
actual bee movements, as they are most likely artefacts caused by
antenna crosstalk (see Figure 4.6). Compared to Figure 2.9 show-
ing corresponding results obtained using the previous prototype
system based on MTI RU-824 USB RFID readers, the optimised
four-antenna RFID system exhibits a much higher ratio of suc-
cessfully detected transitions to timeouts.
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4.3.2 Field trial results
Detection success ratio
The field trial resulted in 17557 detections from 13 bees which were
detected at least once. To obtain results which are more representative
of regularly active worker bees frequently moving into and out of the
hive, we discarded all detections of bees which were detected less
than 10 times over the 3 day duration of the experiment or which
were not detected at least once by each of the four antennas. This left
us with 17526 detections from the 7 most active tagged bees.
An upper bound on the probability to register a transition of a bee as
a pair of detections at both sides given that we observed nsuccess = 740
successfuly detected transitions and ntimeout = 19 timeouts can be
estimated (see Figure 4.5):
ptrip =
nsuccess
nsuccess + ntimeout
=
740
759
= 0.975
Assuming that both sides have identical detection probabilities, this
results in:
pi = po =
√
pt = 0.987
Conversely, the probability to successfully detect all 4 events corre-
sponding to a single foraging trip (inner, outer, outer, inner), is:
ptrip = ptrip2 = 0.951
The results of this preliminary pilot study represent a promising
marked improvement in the detection success ratio over the MTI
RU-824 USB RFID reader based system described in Chapter 2, corre-
sponding to better data quality and hence improved power to analyse
bee behaviour.
Influence of separation distance
Preliminary field tests of different separation distances between the
inner and outer antenna pairs within the entrance tunnel were con-
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Table 4.1: Overview of field test results for different antenna separation dis-
tances. Note that detections from bees which have not been de-
tected at least 10 times in total and have not been detected by all
four antennas have been excluded as well as those of one identi-
fied outlier individual. The particularly low number of detections
for the 10 cm run was likely caused by a reader system malfunc-
tion.
Distance Detections Individuals
0.0 2753 5
8.5 3492 6
10.0 257 2
12.8 3493 5
17.0 17526 7
ducted for distances of 0 cm, 8.5 cm, 10 cm, and 12.75 cm. Each of
these trials was conducted for 3 consecutive days, with 20 additional
bees being tagged at the feeder each day.
Table 4.1 and Figure 4.6 summarise the results of these tests together
with the 17 cm separation data discussed in the previous section.
Figure 4.6 clearly shows that the detection intervals corresponding
to bees transitioning between the two antenna pairs increase with
increasing separation distance, while spurious detections resulting
from antenna crosstalk (which occur within ca. 0.5 s) remain constant.
Even at the largest tested antenna separation of 17 cm, there are still
spurious detections resulting from antenna crosstalk, but the two dis-
tributions of detection pairs representing actual bee movements and
spurious detections (artefacts) appear clearly separated, confirming
that this antenna separation is a suitable operating point for the tested
experimental conditions.
The obvious difference between the detection intervals of the spu-
rious detections for inbound versus outbound detection pairs is an
artefact caused by the activation sequence of the antennas and the
measurement and reporting algorithm used for this data set. The spu-
rious detections tend to occur in short bursts, each containing a high
number of detection events; this could explain why they are absent
for the three medium-distance measurements.
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Figure 4.6: Distribution of time intervals between pairs of detections for the
same bee at opposite ends of the entrance tunnel (corresponding
to inner or outer antenna pair) for various inter-antenna-pair sep-
aration distances, pooled for all bees. Each recorded detection
pair is represented as a point whose color indicates its combina-
tion of detecting antenna pairs. The points have been offset along
the abscissa from their actual distance value to convey a sense
of the data distribution along the ordinate according to a kernel
density estimate. The maximum width of each point cloud is pro-
portional to the square root of the number of observations at its
separation distance value. Time differences reported as zero by
the reader software were set to 50ms in this graph, correspond-
ing to the antenna switching frequency of 20Hz (since only one
antenna can be active at a time). Note the logarithmic scale on
the ordinate.
4.4 conclusions and ideas for further research
In this chapter we further analysed the antenna configuration consist-
ing of two opposing antenna pairs arranged side by side which was
introduced in Chapter 3.
Electromagnetic simulations were used to determine the influence of
the geometric parameters of the antenna configuration (within-pair
and between-pair distances) on the reflection coefficient and the cou-
pling between the antennas. We examined a range of distances feasi-
ble for the intended application of using the antenna configuration
to detect RFID tagged bees passing through an entrance tunnel of
a bee hive or artificial feeding station: the separation between two
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opposing antennas varied between 20mm and 50mm, and the dis-
tance between the antenna pairs ranged from 80mm to 200mm. We
found that the reflection coefficient and the coupling between the an-
tennas vary smoothly and predictably with both distance parameters
over the analysed parameter range. As expected, a smaller separa-
tion between the two opposing antennas forming a pair increases
the coupling between them and therefore leads to an increased de-
tection volume close to the second antenna (as shown in Chapter 3).
A smaller intra-pair gap also leads to reduced reflected input power,
resulting in increased detector sensitivity. The coupling between the
two antenna pairs decreases as the distance between them increases,
allowing crosstalk between the antenna pairs to be reduced as desired
by increasing the separation between them.
The detection pattern measurements presented in Chapter 3 showed
that the proposed dual opposing pair antenna configuration exhibits
a detection volume whose size and shape is well suited to detecting
RFID tagged bees passing through it. However, crosstalk between the
antenna pairs caused ambiguities in detecting the direction of motion
of the passing bees. The simulation results presented in this chapter
suggest that the coupling between the antenna pairs can be reduced
and thus these errors can be minimised by increasing the distance
between the antenna pairs.
A first field trial with a separation of 17 cm between the two antenna
pairs (chosen as the maximum practicable distance) was conducted
over three days in April 2017. Although this only yielded represen-
tative data for 7 individual bees, the results showed a promising
marked improvement of the detection success rate over the first tested
dual-reader prototype system of section 2.4.1, reaching a probability
over 95% to detect all four antenna passes comprising a foraging trip.
Similar tests with other antenna separation distances showed that a
distance of 17 cm leads to a clear separation between detections re-
sulting from actual bee movements and spurious detections resulting
from antenna crosstalk.
Further research would be required to find optimal settings for
system parameters like interrogation signal power level and antenna
switching timing and sequence. Another idea for future research
would be an analysis of the impact of the adjustable parameters of
the ISO 18000-63 protocol on the detection performance of an RFID
system used to detect tagged bees similar to the one conducted by
Buettner and Wetherall (2008) on stationary tags.

Part II
T O WA R D S L O N G - R A N G E I D E N T I F I C AT I O N
A N D T R A C K I N G O F A L A R G E N U M B E R O F
I N D I V I D U A L S U S I N G PA S S I V E
T R A N S P O N D E R S

5
I N T R O D U C T I O N
In the first part of this thesis we demonstrated a UHF RFID moni-
toring system prototype for honey bees (Apis mellifera) tagged with
small (2.5mm × 2.5mm × 0.4mm) off-the-shelf RFID tags which only
requires moderate changes to a beehive entrance and yet achieves
a hit/miss ratio of > 97% in field tests, surpassing that of previous
studies found in the literature (Warren, 2017).
A severe limitation of this system is a low detection range of just a
few cm which is due to the currently available UHF RFID technology
in combination with the small antenna size of the tags.
This second part of the thesis proposes the development of a new
class of passive transponders combining concepts of RFID and har-
monic radar to achieve increased detection range. It starts with an
overview of the methods and current developments of classical and
harmonic radar for tracking insects. This is followed by an introduc-
tion of basic ideas of the proposed new development and by an out-
line of a development roadmap towards this new class of harmonic
RFID tag. We conclude this part with a detailed presentation of the
development and prototype implementation of a compact dual band
dipole antenna suitable for use in such harmonic transponders (Chap-
ter 6) which was presented at the International Symposium on Anten-
nas and Propagation (ISAP) 2015 (ISAP2015 - International Symposium
on Antennas and Propagation - Technical Program 2015) and published
as a summarised version in the conference proceedings (Hirsch et al.,
2015).
5.1 classical radar
Radar allows to monitor insect movements without attaching any-
thing at all to the animal (Bridge et al., 2011; Chilson et al., 2012). One
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Figure 5.1: Radar reflectivity images showing the same weather situation.
The right pane shows the uncorrected radar reflections – most of
which are caused by animals in this case. Only after these ‘nui-
sance’ signals have been removed, the meteorologically relevant
reflections from rain drops can be clearly seen (left pane). Source:
Chilson et al. (2012).
way to do this is to point the radar beam straight up into the sky, a
technique known as ‘vertical-looking-entomological radar’ (Kissling
et al., 2014). During the middle of the 20th century, radar’s potential
for insect monitoring was discovered using radar equipment like that
used for weather observations (Chapman, Drake et al., 2011; Drake
and Reynolds, 2012). In fact, reflections from animals present a nui-
sance to meteorologists as can be seen in Figure 5.1. With this type of
radar (today known as ‘classical radar’), it is however only possible
to monitor rather large low-flying insects like locusts over flat and
featureless terrain (Riley and Smith, 2002; Chapman, Reynolds and
Wilson, 2015) and not honey bees (Chapman, Reynolds and Smith,
2003; Chapman, Drake et al., 2011; Drake and Reynolds, 2012; Chap-
man, Nilsson et al., 2016).
5.2 vertical looking radar (vlr)
In a clutter-free environment, where the target insects are the only
objects which reflect radar radiation, it is possible to detect single
insects at distances of multiple hundred meters, as several authors
have shown using a vertical looking radar (VLR) to detect migrat-
ing insects against the sky as a background (Chapman, Drake et al.,
2011; Chapman, Reynolds, Smith et al., 2002; Chapman, Reynolds
and Smith, 2003; Chapman, Reynolds and Smith, 2004; Kissling et
al., 2014; Reynolds et al., 2005; Smith et al., 1993; Wood et al., 2009).
The radar detectability of small objects like insects can be increased
somewhat by attaching small metallic tags to them that reflect radar
radiation better than the insects themselves, but all this can do is in-
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Figure 5.2: a) Conventional radar mode display showing clutter from av-
enues of trees and ground features, b) harmonic mode display of
the same scene, showing only the harmonic tags (indicated as h,
s, n1 and n2). Source: Riley, Smith et al. (1996). Copyright © 1996,
Springer Nature.
crease the contrast between the insects’ reflections and those from the
background – there is no fundamental way to differentiate between
those signals.
5.3 harmonic radar
Recent advances in processing power and algorithms allow insects in
motion to be discriminated against other (background clutter) signals
(Chilson et al., 2012; Shamoun-Baranes et al., 2014). However, these
motion-based methods cannot cope with (temporarily) stationary an-
imals in highly cluttered environments (Figure 5.2). Harmonic radar
solves this problem by having the tags emit a different frequency than
they receive – and thus stand out against the background (‘clutter’)
which simply reflects the incident radar wave (Riley, Smith et al., 1996;
Riley and Smith, 2002). This is achieved by feeding the signal received
by the antenna of the tag through a non-linear element, which causes
harmonics of the fundamental frequency to appear (hence the name
‘harmonic radar’) (Katib, 1976; Mascanzoni and Wallin, 1986; Tahir
and Brooker, 2015).
This process of generating harmonic frequencies can be illustrated
using a simple example: consider a pure sine wave signal of radial
frequency ω:
y0(t) = sinωt
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Figure 5.3: Illustration of harmonic frequency generation by passing a signal
through a non-linear function, in this example by applying the
function f (y) = y2 to the input signal y(x) = sinx.
If this signal passes through a quadratic non-linearity, i.e. is trans-
formed by a function f (y) = y2, the resulting signal is a sine wave
with twice the original frequency that is scaled, phase shifted and has
a DC offset (Figure 5.3):
y1(t) = y20(t) = sin
2 ωt =
1− cos 2ωt
2
=
1
2
+
1
2
sin(2ωt− pi
2
)
Harmonic radars often use diodes as non-linear elements to gener-
ate the harmonic signals (Tahir and Brooker, 2015; Mascanzoni and
Wallin, 1986). At low frequencies, their non-linear response can be
characterised by the Schottky diode equation (Zeljami et al., 2012):
I(Vd) = Is
(
e
q(Vd−Id RS)
ηkT − 1
)
where Is is the saturation current, Vd the voltage across the semicon-
ductor junction (which is proportional to the input signal), η the ide-
ality factor and RS the series resistance of the diode. For this type of
non-linearity, the resulting signal contains all possible harmonic fre-
quencies and its spectrum can not be described in a closed analytical
form, but only as a series expansion (Katib, 1976). At high frequen-
cies, the capacitive and inductive properties of real diodes become
important; to make accurate predictions about the resulting signals
usually requires physical model based electromagnetic simulations
or models based upon those (Zeljami et al., 2012).
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Figure 5.4: Honey bee with harmonic radar tag attached. Adapted from:
Chapman, Drake et al. (2011)
Harmonic radar has first been used in the 1980s (Mascanzoni and
Wallin, 1986; Riley, Smith et al., 1996; Tahir and Brooker, 2011;
Kissling et al., 2014). It can basically be used at any radar frequency,
depending on the application. For example, at 9.4GHz (a wavelength
of 3.2 cm) at 25kW peak power, it is possible to detect a single tagged
insect from a distance of up to about 1km (Riley and Smith, 2002).
For high frequencies, corresponding to short wavelengths, these
tags can weigh between 1mg and 20mg and therefore are unlikely
to strongly bias insect behaviour because of their weight, but still
likely have a noticable impact as a result of the antenna length
(Figure 5.4) (Kissling et al., 2014). To mitigate this disadvantage
caused by the length of simple monopole or dipole wire antennas,
alternative antenna designs have been evaluated for harmonic radar
based insect tracking: using a small planar 9.63mm × 9.63mm
modified Minkowski loop antenna and a Schottky diode (Figure 5.5,
Zhu et al. (2011)) have demonstrated a harmonic radar working at
5.882/11.764GHz which achieved a tracking range of more than 60m
in open terrain using a base station transmitter power of just 1W.
Tsai et al. (2013) have recently been able to improve another aspect
of harmonic radar tracking systems: They have been able to improve
the signal-to-noise ratio (SNR) and localisation precision using spread
spectrum techniques in their system. To this end, they modulated the
signal emitted by the radar antenna using a pseudo-random noise
(PNR) code. In that work, they also developed and tested a small
custom harmonic radar tag that they have been fitting to honey bees.
Modulating the signal transmitted by the base station using a Gold
code (Gold, 1967), they have realised a processing gain of 30dB, lead-
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Figure 5.5: Harmonic transponder based on a modified Minkowski loop.
Adapted from: Zhu et al. (2011). Copyright © 2011, IEEE.
ing to a 61m detection range in open space using a small meta-
material inspired antenna of 2.8mm × 3.8mm at 9.4/18.8GHz with a
gain of -5dBi.
While slightly differently tuned antennas have been used to achieve
some degree of differentiation between a small number of tags
(Woodgate et al., 2016, 2017), harmonic radar does not allow to
distinguish between a large number of individual tags (> 5-10),
because it does not generally yield identification information.
5.4 working principle of harmonic rfid
The basic idea is to modulate the harmonic signal which is generated
from the incident radar signal and re-radiated. The passive harmonic
UHF tag design by Lazaro et al. (2014), shown in Figure 5.6, could
serve as a starting point for the development of a harmonic RFID
transponder. They utilised some of the power of the incident signal to
power a low-frequency oscillator which then modulates the harmonic
output signal also derived from the input signal. They used a dual
polarised reception antenna to collect the interrogation signal from
an RFID reader at a frequency of f0 (865–868MHz) which was con-
nected to a transmission patch antenna via a frequency doubler. The
frequency doubler of their design was based on a zero-bias Schottky
diode (Avago Technologies, model HSMS-2850). They modulated the
generated harmonic signal according to the output of a simple low-
frequency oscillator based on two NAND logic gates (74AUP1G00)
by controlling the bias point of the frequency doubler. They powered
this oscillator from the second port of the reception antenna via an
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Figure 5.6: Passive Harmonic Tag for Humidity Sensing. Source: Lazaro et
al. (2014).
RF to DC converter based on a diode voltage multiplier using series-
connected zero-bias diodes (Avago Technologies, model HSMS-2852)
(Figure 5.10).
The development of the harmonic radio frequency identification
(HRFID) transponder proposed in this thesis could proceed along
the steps outlined below.
5.5 requirements analysis
The following paragraphs outline the constraints for the proposed
harmonic transponder regarding weight, size, frequency and band-
width.
5.5.1 Frequency Selection
The ideal operating frequency pair for a harmonic radar system de-
pends on a number of factors:
• Size, weight and volume of the transmitter (Kissling et al., 2014)
• Atmospheric transmissivity (Figure 5.7)
• Transmissivity of vegetation (Figure 5.8)
• Regulatory constraints
• Availability of components
For insect tracking applications, the size (and thus the weight) of the
required antennas is a crucial factor (ibid.) which is directly linked to
the operating wavelength (Hansen, 2006; Shahpari, 2015).
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Figure 5.7: Specific attenuation of electromagnetic radiation caused by at-
mospheric gases, including the individual contributions of water
vapour and oxygen (Siles et al., 2015). Copyright © 2015, IEEE.
Antennas that are small compared to the wavelength have a number
of practical limitations that include the achievable bandwidth being
narrow, and having low radiation efficiency because of increased
losses in the matching network and a low radiation resistance
(Hansen, 2006). For example, the radiation resistance Rrad of a short
dipole antenna at a given wavelength λ is proportional to the square
of its length l (Condon and Ransom, 2007):
Rrad =
2pi2
3c
(
l2
λ2
)
(where c denotes the speed of light in vacuum).
When electromagnetic radiation propagates through the earth’s atmo-
sphere, it is attenuated as a result of its interactions with atmospheric
gas particles (Siles et al., 2015). Per unit length travelled, these pro-
cesses cause the signal to lose a constant fraction of its remaining
power; thus, the attenuation can be measured in dB / km. The losses
vary with frequency and are dominated by the effects of water vapour
and oxygen, as illustrated in Figure 5.7, which shows the attenua-
tion spectrum for clean air under standard atmospheric conditions:
(T = 15°C, P = 1013 hPa, and ρ = 7.5 g/m3). As this Figure suggests,
more humid weather conditions or even the presence of precipitation
along the path of the signal lead to increased attenuation (Appleby
and Wallace, 2007).
Another important aspect to consider for an outdoor localisation
and tracking system for insects are the effects of vegetation on radio
waves passing through it. The International Telecommunications
Union (ITU) proposes a general model for estimating the attenuation
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Figure 5.8: Specific attenuation of electromagnetic radiation in woodland
(typical values). Original Fig. 2 of ITU (2012)
of radio waves between 30MHz and 60GHz in vegetation (ITU,
2012), as shown in Figure 5.8.
The authors stress that these values should be regarded only as typi-
cal, because the actual attenuation strongly depends on the type and
density of the vegetation, and, in particular, on its water content.
Rogers et al. (2002) developed an attenuation model for 1GHz to
60GHz based on a set of measurements. Cheffena and Ekman (2008)
investigated the dynamic effects of swaying vegetation in windy con-
ditions on radio-wave propagation and developed a model to simu-
late the resulting signal fading.
According to the Radiocommunications Act (Australian Government,
2015), the use of radio frequencies in Australia is regulated by the
Australian Communications and Media Authority (ACMA) which
develops the Australian Radio Frequency Spectrum Plan (ARSP)
(ACMA, 2013). Except for devices operating within the frequency
and power limits governing the unlicensed bands of the spectrum
such as those allocated to industrial, scientific, and medical use (‘ISM’
bands), every radio transmitter has to be licensed according to these
regulations.
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5.5.2 Power Budget
In a passive tag, the modulator circuitry is powered by energy har-
vested from the environment (Finkenzeller, 2010) – in this case from
the radar signal which the tag receives. Therefore, the returned sig-
nal is weaker than it could be by simply re-radiating the full power of
the input signal. This can however be compensated for by applying
spread-spectrum modulation techniques to increase the achievable
SNR (Meel, 1999).
The total power available to the transponder circuit can be calculated
starting from the power of the signal radiated by the base station
using Friis’ transmission equation (Shaw, 2013):
Pr = PtGtGr
(
λ
4piR
)2
where Pr is the received power, Pt is the transmitted power, Gr and
Gt are the gains of the receiving and transmitting antennas, R is the
distance between the receiving and transmitting antennas, and λ is
the wavelength of the signal.
In a harmonic transponder system, the power which the base station
receives back from the transponder can thus be written (Tsai et al.,
2013):
Pr = PtGbfGbh
(
λf
4piR
)2
GtfEdGth
(
λh
4piR
)2
where λ f is the wavelength of the fundamental frequency transmitted
by the base station, λh is the wavelength of the harmonic frequency
re-radiated by the tag, Gbf and Gbh are the gains of the base station
antennas and Gtf and Gth are the gains of the transponder antennas
at the fundamental and harmonic frequencies respectively, and Ed is
the conversion efficiency of the frequency doubler diode.
From this follows the maximum detection distance Rmax for the sys-
tem:
Rmax =
1
4pi
(
PtGbfGbhGtfEdGthλ2fλ
2
h
Pmin
) 1
4
where Pmin is the sensitivity of the base station receiver (i.e. the mini-
mum power required for successful detection).
The receiver’s effective sensitivity can be increased using spread-
spectrum techniques, which are based on Shannon’s insight (2001)
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that the upper limit C to the rate at which information can be
transmitted using a signal of bandwidth B and average power S
through a channel subject to additive white Gaussian noise of power
N is
C = B log2
(
1 +
S
N
)
.
Therefore, spreading a signal of bandwidth BD out over a target band-
width of BSS by modulating it with a suitable pseudo-random spread-
ing code results in a processing gain of
Gp =
BSS
BD
(Pickholtz et al., 1982). This spreading is usually achieved by mul-
tiplying the original signal by a pseudo-random binary code before
it is transmitted (Ström et al., 2002). Because of the autocorrelation
structure of the code, which is similar to the autocorrelation of true
random noise, i.e. it has a strong peak at a displacement of zero and
is very small everywhere else (Figure 5.9), the receiver can detect the
signal even in the presence of noise by computing the correlation with
the identical code sequence (ibid.).
104 introduction
Figure 5.9: A pseudo-random noise (PRN) code (a) and its autocorrelation
function (b) (Source: Tsai et al., 2013). Copyright © 2013, IEEE.
5.6 design rf energy harvester (rf-dc converter)
Lazaro et al. (2014) used a diode voltage multiplier based RF-to-DC
converter to harvest energy from the incident radar signal to modu-
late the output of a passive harmonic tag (Figure 5.10). The suitabil-
ity of this design for the application in our HRFID tag will first be
assessed using circuit simulations using the COMSOL Multiphysics
and CST Microwave Studio software available at CSIRO.
Figure 5.11 shows how the output voltage of their RF-DC converter
depends on the input power measured at 868MHz.
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Figure 5.10: RF-DC Converter (after Lazaro et al., 2014).
Figure 5.11: DC output voltage of RF-DC converter at 868MHz for different
input power levels from Lazaro et al. (2014).
5.7 modulating frequency doubler circuit
The circuit modulating the bias of the non-linear element of an
HRFID tag has to be designed according to the power budget
derived above (see 5.5.2). This circuit will be evaluated using the
COMSOL Multiphysics and/or CST Studio simulation software
mentioned above.
The output signal is modulated by altering the bias voltage of the
frequency doubling Schottky diode. Figure 5.12 shows the difference
in the conversion loss for bias voltages of 0V and 0.5V as measured
by Lazaro et al. (ibid.). According to this, a modulation depth of about
15dB can be expected for input powers less than ca. -15dBm.
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Figure 5.12: Conversion loss measurement from Lazaro et al. (2014).
5.8 antennas
An ideal antenna for insect tracking applications would have a num-
ber of desirable characteristics: It would be unobtrusive – i.e. small in
size, lightweight and shaped to conform to the animal’s body, such
that it would impede the animal in the least possible way – and at the
same time it would exhibit high radiation efficiency at the fundamen-
tal as well as the second harmonic frequency, it would be robust and
durable, cheap and easy to manufacture.
As mentioned in 5.3, there have been a number of developments
aiming to design small, efficient dual-band antennas for use in har-
monic radar animal tracking applications that come close to this ideal:
Tsai et al. (2013) presented a small harmonic radar transponder for
9.4GHz/18.8GHz measuring 2.8mm by 3.8mm, weighing 20mg. In
their design, they used a composite right-/left-handed meta-material
transmission-line (CRLH TL) antenna (Lai et al., 2007) with a gain of
-5dBi. Earlier, Zhu et al. (2011) designed a modified Minkowski loop
antenna (Figure 5.5) sized 9.63mm × 9.63mm at 5.9/11.8GHz with a
gain of 1.5dBi.
5.9 build prototype harmonic transponder
After successful simulation, a prototype of a non-modulating har-
monic transponder based on the dual-band antenna developed and
presented in this thesis was built and tested in the RF laboratories at
CSIRO (Chapter 6).
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Figure 5.13: Bee with attached RFID tag. Photo: CSIRO
5.10 design and build hrfid tag
The developed circuit will be integrated into a small tag based on the
design recently developed by Tsai et al. (2013) that can be attached to
the dorsal thorax of a honeybee as shown in Figures 1.2 and 5.13.
The technological advances described below will give us the opportu-
nity to combine the large detection range and battery-free operation
of harmonic radar with identification features similar to RFID. The
idea is to combine aspects of harmonic radar and RFID into one sys-
tem: Altering the bias of the non-linear element of a harmonic tag
allows modulating the generated harmonic signal with a uniquely
identifying individual code for each tag that can be detected by the
receiver.
Due to time and logistic constraints associated with intended collab-
orative work, this part could not be addressed during my thesis but
will hopefully be addressed in future work.
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C O N C L U S I O N A N D O U T L O O K
Radio technology has been an invaluable tool to gain insights into
animal behaviour since it has first been used to monitor animal loca-
tions using animal-mounted transmitters in the 1960s (Kissling et al.,
2014). Despite many developments in this area, it is still impossible to
track a large number of individually tagged small animals over large
ranges. Yet exactly this combination would be required to gain more
insight into the behaviour of honey bees (Apis mellifera), which are
crucial for human food production but whose populations have seen
steep declines in many areas of the world (Goulson, Nicholls et al.,
2015).
While it is possible to monitor a large number of individually tagged
bees using RFID technology, the achievable detection ranges are very
small (up to a few cm). Furthermore, special RFID equipment used
for monitoring honey bees has been expensive and its usefulness has
been limited by relatively low detection success rates. These issues
are addressed in the first part of this thesis.
Synthesising concepts from RFID and harmonic radar, which in con-
trast to RFID allows long detection ranges, albeit with only a small
number of individual tags, the second part proposes the develop-
ment of a new type of transponder, aiming to enable monitoring of
a large number of individual tags at increased ranges compared to
traditional RFID.
A summary of these two parts followed by suggestions for future
research is given below.
In the first part, we aimed to advance the state of the art in automat-
ically monitoring a large number of individually tagged honey bees
using UHF RFID technology while simultaneously striving to reduce
monitoring system cost by utilising commercial off-the-shelf compo-
nents. We presented three increasingly complex monitoring system
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prototypes based on commercially available RFID modules which we
used in conjunction with off-the-shelf ultra-small package RFID tags
glued to the dorsal thorax of a honey bee. The suitability of these sys-
tems for monitoring honeybees at their hives and at artificial feeding
stations (which could e.g. be used for controlled exposure to chemi-
cals) was investigated through field trials (Chapter 2). The first two
prototypes employed palm-sized USB RFID readers with integrated
antennas which are available off-the-shelf as PC or Notebook periph-
erals. The first prototype used a single such RFID reader module and
could detect the presence of tagged bees in close proximity to the in-
tegrated antenna. The second prototype combining two of these RFID
reader modules added the ability to detect not only the presence of
tagged bees at the location of the reader but also the direction (into or
out of the hive / feeding station) of their movements (Susanto et al.,
2018). We quantified the detection success rate of this second proto-
type using data from a field trial of this system and found that the
average probability of detecting all four reader passages correspond-
ing to a round-trip of a tagged bee was quite low (less than 15%). We
also found that the maximum detection distance was less than 1 cm
over an area of only a few cm2 on the surface of the reader modules.
Given this low detection rate, we decided to use a more capable in-
dustrial RFID reader module with a higher maximum output power,
increased sensitivity and the ability to connect up to four antennas.
Chapter 3 introduced the third and final prototype system and de-
scribed the development of a measurement system to determine the
spatial detection probability pattern of our RFID tags in the vicinity
of the reader antennas. Further, we present measurement results for
the RFID reader modules used in the first two prototypes and for a
range of candidate antenna configurations considered for use with
the final prototype system. Based on these measurement results, we
identified an antenna configuration consisting of four ceramic patch
antennas arranged in two opposing pairs placed side by side as the
most promising structure (de Souza et al., 2018) even though it exhib-
ited some crosstalk between the antenna pairs. We expected that the
crosstalk could be reduced by increasing the distance between the an-
tenna pairs, which we could not test using the measurement system
because of the limited movement range of the probe tag. Therefore,
we addressed this issue by analysing the selected antenna configura-
tion in more detail using electromagnetic simulations in a separate
chapter (Chapter 4). A preliminary field trial of the third prototype
system in the context of an honours thesis in our group confirmed
that this new prototype system exhibits drastically improved detec-
tion rates of 97.3%, surpassing those previously published for RFID
systems used for monitoring bees which do not require the bees to
pass through a narrow tube (Warren, 2017).
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The second part presented a road map for the development of a new
kind of digital radio transponder for animal tagging combining con-
cepts of traditional RFID technology with those of harmonic radar
aiming to overcome range limitations of UHF RFID technology evi-
dent in the first part. Chapter 5 gives some theoretical background
on different types of radar (classical, vertical-looking, harmonic) and
the working principle of the proposed harmonic RFID transponder.
Chapter 6 is a detailed description of the development and prototype
implementation of a compact dual band dipole antenna suitable for
use in harmonic transponders. This development was presented at
the International Symposium on Antennas and Propagation (ISAP)
2015 (ISAP2015 - International Symposium on Antennas and Propagation
- Technical Program 2015) and published as a summarised version in
the conference proceedings (Hirsch et al., 2015).
In this thesis, I was able to demonstrate that the final prototype sys-
tem advances the state of the art in monitoring bees using UHF RFID
by achieving a higher ratio of successful to missed detections than
previously reported in the literature. As a first step towards devel-
oping harmonic RFID transponders outlined in the second part, a
dual-band dipole antenna with two additional parasitically coupled
dipole elements for use in harmonic radar applications was devel-
oped which showed high radiation efficiency at both the fundamental
frequency and the second harmonic. The design has the advantages
of being compact and allowing independent control of the fundamen-
tal and second harmonic resonant frequencies.
suggestions for future research and development
Recently, even smaller UHF RFID tags measuring just 1.25mm ×
1.25mm × 0.55mm have become available (Murata Manufacturing
Co., Ltd., 2017). These tags are based on a newer generation of the
Impinj Monza RFID IC line (Monza R6) with a slightly decreased
minimum power requirement of -22.1dBm instead of -20dBm for the
Monza 5 chip inside the Hitachi IM-PK2525 tags used in this the-
sis (Impinj, Inc., 2016a, 2017c). It would be interesting to characterise
their performance resulting from smaller antenna and increased sen-
sitivity relative to the IM-PK2525 tags.
One promising area for future research would be exploring other an-
tenna configurations for RFID based insect monitoring systems, possi-
bly based on segmented magnetic antennas for near-field UHF RFID
as described by Dobkin et al. (2007), microstrip line antennas which
could be designed to fit the dimensions of the bee hive entrance sim-
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ilar to those intended for inclusion in smart shelves described by
Medeiros et al. (2011), or metamaterial based antennas designed for
spatially confined detection (Morgado et al., 2014). This could lead
to detection range improvements and/or reduction of required RF
power and thus further increased detection success rates, increased
battery run times, and reduced RF exposure for the bees.
The latter point touches on another interesting research topic: inves-
tigating potential effects of RF radiation on bee/insect health and be-
haviour. This would be of particular interest in the case of the RFID
monitoring system described in this thesis, because guard bees do
not just cross the entrance area for entering or leaving the hive but
stay there — and thus very close to the antennas and therefore in
areas of high electromagnetic field strengh — for extended periods
(personal observation). While many studies investigate the effect of
RF radiation on insects in the context of pest control (e.g. Gaikwad,
Gaikwad et al., 2015; Gaikwad, Harsh et al., 2014; Nelson et al., 1998),
some deal with unintentional radiation effects on insects (e.g. Lázaro
et al., 2016; Panagopoulos et al., 2004; Weisbrot et al., 2003; Balmori,
2016). Darney et al. (2016) specifically looked at the effect of RFID
monitoring on honey bees and recommend limiting RFID exposure
of bees to 2h per day in the case of HF RFID.
Although we were able to improve the detection success ratio, the
detection range achievable with UHF RFID technology in its cur-
rent form used with such small tags remains limited to within a
few cm. Current developments outside the area of standardised UHF
RFID could lead to interesting alternative radio tags. Recently, exper-
imental non-standard semi-passive long range microwave (5.8GHz)
RFID tags using tunnel diodes have been demonstrated to achieve in-
creased reading ranges compared to ideal semi-passive tags by up to
10 times when used with a highly sensitive (-110dBm) bistatic reader
(Amato et al., 2018).
Ongoing trends such as increasing adoption of UHF RFID, e.g. in the
retail sector, and increasing performance and capabilities of small,
low-power embedded computing devices will likely lead to the avail-
ability of improved and cheaper hardware components which would
allow to develop even more affordable RFID insect monitoring sys-
tems, bringing this research tool within range of more researchers,
and ultimately leading to more available data on bee activity/be-
haviour. Once system cost has been substantially reduced, such sys-
tems could even become attractive for hobby bee keepers.
Another promising line of research could make use of the automatic
detection of individual insects to selectively apply different treat-
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ments: selected individuals could be presented with different stimuli,
exposed to different substances or dosages, or even selectively
captured, e.g. for lab tests. This would allow a wide range of possible
selection criteria, including for example a priori or retrospective
group assignments, or age cohorts.
When longer range passive RFID tags such as those proposed in the
second part of this thesis or based on other technologies become avail-
able (possibly working at mm wave frequencies allowing for narrowly
focused interrogation beams), it will be interesting to apply localisa-
tion techniques to gather information about individual insect move-
ments both inside and – depending on reading range – also outside
of the hive. Once reading range is sufficient for monitoring outside of
the hive, the effective reading range, it could make sense to deploy an
array of localising readers around the hive location to further extend
the effective read range to cover an even larger area.
The affordable and easily replicable 3D printer based robotic detec-
tion pattern measurement system developed in Chapter 3 brings de-
tailed detection pattern measurements with high spatial resolution
within reach of research groups without access to specialised RF mea-
surement equipment. Its spatial scanning range as well as its scanning
speed could be increased by using one, two or three-dimensional ar-
rays of identical probe tags to simultaneously probe multiple loca-
tions. This would require taking detailed calibration measurements
to determine whether individual sensitivity variations of and mutual
influences between multiple probe tags can be neglected or how they
could be compensated for.

A
C O M P U T I N G E N V I R O N M E N T
Data analysis within this thesis was performed using the following
computing environment based on GNU/Linux (Stallman, 2007):
## R version 3.5.2 (2018-12-20)
## Platform: x86_64-pc-linux-gnu (64-bit)
## Running under: Ubuntu 14.04.6 LTS
##
## Matrix products: default
## BLAS: /usr/lib/openblas-base/libblas.so.3
## LAPACK: /usr/lib/lapack/liblapack.so.3.0
##
## locale:
## [1] LC_CTYPE=en_AU.UTF-8 LC_NUMERIC=C
## [3] LC_TIME=en_AU.UTF-8 LC_COLLATE=en_AU.UTF-8
## [5] LC_MONETARY=en_AU.UTF-8 LC_MESSAGES=en_AU.UTF-8
## [7] LC_PAPER=en_AU.UTF-8 LC_NAME=C
## [9] LC_ADDRESS=C LC_TELEPHONE=C
## [11] LC_MEASUREMENT=en_AU.UTF-8 LC_IDENTIFICATION=C
##
## attached base packages:
## [1] stats graphics grDevices utils datasets methods base
##
## other attached packages:
## [1] bindrcpp_0.2.2 Rcpp_1.0.1 viridis_0.5.1
## [4] viridisLite_0.3.0 stargazer_5.2.2 cowplot_0.9.4
## [7] units_0.6-2 ggpmisc_0.3.0 ggforce_0.1.3
## [10] ggbeeswarm_0.6.0 fst_0.8.10 latex2exp_0.4.0
## [13] kableExtra_1.0.1 magick_2.0 DiagrammeRsvg_0.1
## [16] DiagrammeR_1.0.0 ggfortify_0.4.5 broom_0.5.1
## [19] scales_1.0.0 printr_0.1 lubridate_1.7.4.9000
## [22] glue_1.3.1 magrittr_1.5 forcats_0.4.0
## [25] stringr_1.4.0 dplyr_0.7.8 purrr_0.3.2
## [28] readr_1.3.1 tidyr_0.8.3 tibble_2.1.1
## [31] ggplot2_3.1.0 tidyverse_1.2.1 knitr_1.22
## [34] pacman_0.5.0
##
## loaded via a namespace (and not attached):
## [1] nlme_3.1-137 webshot_0.5.1 RColorBrewer_1.1-2
## [4] httr_1.4.0 tools_3.5.2 backports_1.1.3
## [7] R6_2.4.0 vipor_0.4.5 lazyeval_0.2.2
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## [10] colorspace_1.4-1 withr_2.1.2 processx_3.3.0
## [13] tidyselect_0.2.5 gridExtra_2.3 curl_3.3
## [16] compiler_3.5.2 cli_1.1.0 rvest_0.3.2
## [19] xml2_1.2.0 influenceR_0.1.0 labeling_0.3
## [22] bookdown_0.9 callr_3.2.0 digest_0.6.18
## [25] rmarkdown_1.12 pkgconfig_2.0.2 htmltools_0.3.6
## [28] htmlwidgets_1.3 rlang_0.3.3 readxl_1.3.0
## [31] rstudioapi_0.9.0 bindr_0.1.1 visNetwork_2.0.5
## [34] generics_0.0.2 farver_1.1.0 jsonlite_1.6
## [37] rgexf_0.15.3 munsell_0.5.0 mallinfo_0.1-0
## [40] stringi_1.4.3 yaml_2.2.0 MASS_7.3-51.1
## [43] plyr_1.8.4 grid_3.5.2 parallel_3.5.2
## [46] crayon_1.3.4 lattice_0.20-38 haven_2.1.0
## [49] hms_0.4.2 ps_1.3.0 pillar_1.3.1
## [52] igraph_1.2.4 reshape2_1.4.3 XML_3.98-1.17
## [55] evaluate_0.13 V8_2.0 downloader_0.4
## [58] data.table_1.12.0 modelr_0.1.4 tweenr_1.0.1
## [61] cellranger_1.1.0 gtable_0.3.0 assertthat_0.2.1
## [64] xfun_0.6 beeswarm_0.2.3 Rook_1.1-1
## [67] brew_1.0-6
In addition, GNU parallel (Tange, 2015) was used in data preparation,
and ParaView (Ayachit, 2017) in analysis and visualisation.
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